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Part I. Collagen Diseases 


ON THE LOCALIZATION OF STEROID HORMONES 
IN CONNECTIVE TISSUE* 


By Thomas F. Dougherty, Rex Bigler,f G. L. Schneebeli, 
and Hilton A. Salhanickt 


Departments of Anatomy, Obstetrics, and Gynecology, U niversity of Utah College of Medicine, 
Salt Lake City, Utah ‘ 


Introduction 


Inflammation is the result of the action of noxious stimuli and is made up 
of a number of interrelated events. Each of the phenomena presents unique 
problems that should be evaluated with respect to the possibility of enhance- 
ment or moderation of the inflammatory response. We have pointed out 
previously! that inflammation occurs in interstitial connective tissue and that 
it does not involve the parenchymatous cells. Thus an investigation of the 
inflammatory response is essentially an investigation of the ways in which 
the interstitial connective tissue is altered during acute inflammation. Ob- 
viously, since the connective tissue is altered in all of its constituents, changes 
are found in ground substance, fibrous elements, and cells. Other publications 
from our laboratory deal with changes in the various components of loose 
connective tissue during the inflammatory response.” This communication 
is concerned with the problem of disposal or local fixation of antiphlogistic 
adrenocortical hormones in the connective-tissue compartments. 

It has been demonstrated that adrenocortical steroid hormones rapidly escape 
from the circulation after administration® and that for some period of time 
there is a deposition of the hormone in extravascular compartments, followed 
by eventual elimination. It has also been shown that cortisol exerts its anti- 
inflammatory influence locally, that is, at the site of the inflammation. Fur- 
ther, this is accomplished in a dose-response fashion, that is, the amount of 
cortisol required to inhibit inflammatory response is proportional to the inflam- 
ing stimulus.’ A question arises as to whether the hormone that escapes from 
the blood and enters the connective tissue may function in the same way that 
it does when it is applied locally to the inflamed area. 

A search for the basic mechanism by which cortisol exerts its anti-inflamma- 
tory influence has led to the suggestion that this hormone protects fibroblasts 
from a progressive destruction that, in itself, potentiates the inflammatory 


* This work was supported by a grant from the Committee on Stress, United States Department of the Army, 

Contract No. DA-49-007-MD-130, and by grant G-3843(C) from the National Institute of Arthritis and Metabolic 
Diseases of the National Institutes of Health, Public Health Service, Department of Health, Education and Wel- 
fare, Bethesda, Md. The authors also wish to acknowledge support from the Smith, Kline & French Research 
Foundation, Philadelphia, Pa. 
_ Theauthors wish to thank Augustus Gibson and Elmer Alpert of Merck & Co., Inc., Rahway, N. J., for supply 
ing most of the hormones used in this investigation. Compounds L and D, and 11-dihydroallocortisone were gen- 
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from the Radioactive Steroids Allocation Committee of the Endocrinology Study Section, Public Health Service 
Department of Health, Education, and Welfare, Bethesda, Md. : : ; : 
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response. It is more or less generally recognized that cellular injury is 
the initiator of inflammation. Such injury is not, however, in itself, an in- 
flammatory response.” It gives rise to the development of a series of events 
that are grouped under the term “inflammation.” A simple example is the 
fact that burned tissue is not inflammation, but that the reaction to the burned 
tissue is an inflammatory response. It is evident from our research and from 
a study of the literature that adrenocortical hormones do not inhibit the stimu- 
lus that initiates the chain reaction of inflammation. Rather, these hormones 
exert their antiphlogistic effect by interrupting the chain reaction of cellular 
destruction that is triggered by the initiating stimulus. Thus anti-inflam- 
matory hormones could exert their effect by preventing the release and en- 
hancing the removal of breakdown products from injured cells. It is also 
apparent, however, from an analysis of the work of others, that cortisol does 
not completely prevent the release of products of cell injury... Thus previously 
we have suggested that the antiphlogistic adrenocortical hormones exert their 
effect by enhancing the resistance of surviving, uninjured cells to the cytotoxic 
action of inflaming agents. In this way the antiphlogistic effect is exerted by 
a decrease of the initially released cytotoxic substances that tend to potentiate 
the inflammatory response and a chain reaction of cell destruction. Eyring 
and Dougherty,® for example, have proposed that: ‘There is always a race 
between autocatalytic cell destruction in which the breakdown of one cell pro- 
motes the breakdown of another, pitted against the inactivating of the destruc- 
tive products liberated by the broken cell.” 

Thus a unified hypothesis has been formulated that suggests that it is un- 
necessary to assume that different chemical substances perform specific func- 
tions that induce each phenomenon of the inflammatory response. It is sug- 
gested that all events of acute inflammation can be explained by cellular injury 
resulting from a lack of stabilization of the cell membrane. ‘The investigations 
that follow were designed to ascertain whether certain adrenocortical hor- 
mones, particularly antiphlogistic ones, would concentrate within or about 
the membrane of the fibroblast. Attention has been focused on the fibroblast 
because, numerically, it is the major cell of connective tissue,” and it also per- 
forms most of the functions attributed to the supporting framework of the 
body: the synthesis of collagen fibers, elastic fibers, and ground substance. 
If it is considered that the breakdown of 1 cell following injurious stimulus 
brings about the destruction of other cells, thus establishing a chain reaction, 
it must be assumed that the fibroblast is probably the central cell in this proc- 
ess, since the fibroblast composes at least 90 per cent of loose connective-tissue 
cells in the mouse and the majority of such cells in other species.’ 


Materials and Methods 


Mature mice of the CBA strain, inbred in our laboratory, were used in all 
of the studies reported here. All animals were fed ad libitum on dog chow 
(Purina) supplemented with vitamins and minerals. 

Suspensions of crystalline hormones in physiological saline solution were 
administered either subcutaneously or intraperitoneally. The hormones 
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TABLE 1 
Errect or STEROID HoRMONE TREATMENT ON LOOSE CONNECTIVE TISSUE 
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studied are listed in TABLE 1. The doses ranged from 10 y to5 mg. The in- 
terval between injection and the time of tissue removal was, in most cases, 6 
hours, although some animals were kept for as long as i0 days. Strips of 
areolar connective tissue were obtained from both the sites of injection and 
distant areas. The connective tissue was then spread 1-cell-layer thick on 
slides, air dried, and stained with May-Griinwald Giemsa, or histochemical 
reagents. Cellular material giving positive histochemical reactions was lo- 
cated in transmitted light. The identification of cells was performed under 
phase contrast (oil immersion, dark-medium contrast), which was necessary 
because unstained cells are not well visualized in the light microscope. 

Two histochemical reactions were studied. For ketosteroids, the method 
described by Seligman and Ashbel® was used. No sectioning of the areolar 
tissue was necessary, however. Other smears, experimentally identical, were 
exposed to freshly prepared aqueous solution of 0.2 per cent neotetrazolium 
blue* (NTZ) in 5 per cent sodium hydroxide for 15 minutes.!! NTZ (0.5 ml. 
of 0.1 per cent solution) was also injected into subcutaneous tissue simultane- 
ously with cortisol 6 hours prior to tissue removal. 

The radioautographic method was essentially that described by Arnold and 
Jee."" Ten ug. of C,'-cortisol (specific activity: 1.467 wc/uM) was adminis- 
tered subcutaneously, and the area of injection was excised 6 hours later. The 
strips of connective tissue were exposed to photographic emulsion for 8 months, 
and the radioautograms were stained with hematoxylin and eosin. . 

Comparable strips of connective tissue were incubated in 2 ml. of mouse whole 


* Nutritional Biochemical Corporation, Cleveland, Ohio. 
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DARK Mepium) or SPREADS OF Loose CONNECTIVE TISSUE 
i. or CBA Mice X 575 
FicurE 1. Fibroblasts of loose connective tissue of an untreated animal. 


PHAsE Microscopic PICTURES 


FicurE 2. Eosinophilic granulocyte of an untreated mouse. 

FIGURE 3. Seligman reaction, Compound F, 257 (in vivo) in sesame oil. Fibroblasts with Seligman-positive 
granules. Histiocyte with a few positive granules in the lower center portion of picture. 

FIGURE 4. Same as FIGURE 3. Polymorphonuc lear leukocyte in lower right-hand corner of picture. 

FIGURES 5 AND 6. Compound F, 25 y (im vivo). Fat cells with strands of Seligman-positive granules. 

FIGURE 7. Seligman reaction, Compound F, 25 y (in vivo). Mast cell. No differences were found between 
control preparations of normal loose connective tissue, untreated tissue after Seligman reaction, and cortisol- 
treated connective tissue after Seligman reaction. 


FIGURE 8. Spreading of mast-cell granules. Local inflammation. No Seligman reaction. 
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blood under 30 Ib. of oxygen pressure at pH 7.0 with 10 ¥ of cortisol. Samples 
were removed at 15-minute intervals. The last spreads were removed 6 hours 
after the experiment was started. The tissues were examined as described 
above. 

Other sheets of connective tissue from the above experiments were extracted 
with ethanol, and the extracts were purified and analyzed according to the 
methods of Nelson and Samuels." 

The reading of the results in all experiments was done independently by 3 
different observers on preparations unknown (coded) to them. The results 
were obviously qualitative but represented a synthesis of the observations. 
Little discrepancy was noted in the opinions of the investigators. 


Results 


After hormone treatment, the greatest changes among the cellular elements 
of connective tissue were observed in fibroblasts. The cytoplasmic processes 
of these cells were withdrawn, and a spherical appearance was assumed. The 
areolar tissue of animals treated with cortisol, cortisone, and Reichstein’s 
Substance S (17 hydroxy-11 desoxycorticosterone) showed these changes most 
dramatically (FIGURES 1, 9, 11, as contrasted to FIGURES 3, 4, 10, 12, and 14). 
Desoxycorticosterone (FIGURE 13), tetrahydrocortisone, and progesterone were 
less effective in producing these changes. No hormone effects were seen after 
injection of corticosterone, dihydroallocortisone, 11-dehydrocorticosterone, and 
desoxycorticosterone glucoside. It is interesting that those compounds that 


i1O- 


Licar Microscorpr PrcrurEs 
FicuRE 9, Spread of loose connective tissue : ( ae ii Q 
avis ye se connective tissue of normal CBA mouse. May-Griinwald and Giemsa staining. 


Ficure 10. Treatment with isol, 25+ ; . Fe . - oe 
magnification as FIGURE 9. cortisol, 25y subcutaneously. Rounding-up of fibroblasts. Same staining and 


PHASE Microscopic Picrures or Loose CONNECTIVE-TISSUE SPREADS OF CBA MICE 

Figure 11. Jn vitro tissue incubation of loose connective tissue in whole blood for 5 hours. Seligman ketos- 
teroid reaction. Control incubation. 

FiGURE 12. Same as FIGURE 11, with the addition of 107 cortisol to connective tissue. Jn vitro rounding-up 
of fibroblasts. 

FIGURE 13. Same as in FIGURE 11, with the addition of 207 of desoxycorticosterone glucoside. Fibroblasts 
are Seligman-negative. Seligman-positive artifacts are in connective tissue. 

FicurE 14. In vito treatment with 0.1 mg. cortisol. Neotetrazolium reaction. Tetrazolium-positive 
rounded-up fibroblasts (4 hours later). 

Ficure 15. In vitro treatment with 25y of cortisol. Tetrazolium reaction (5 hours later) 

FIGURE 16. In vivo treatment with 25y of cortisol. Extraction with methanol for 30 minutes at 37 
zolium reaction. No positive fibroblasts were observed. 


C. Tetra- 


have a hydroxyl at C-17 were the most effective in producing epithelioid 
fibroblasts. Previously it has been demonstrated also that the hydroxyl at 
C-17 is essential for an antiphlogistic effect. A correlation of the anti-inflam- 
matory effect of these hormones with the rounding-up effect is shown in TABLE 
1. The greater antiphlogistic effect of Substance S (5 mg.) over that of an 
identical amount of cortisone is most likely due to the dose employed since, 
as was previously shown,! no leukocyte-depressing effect in inflamed areas 
can be obtained unless large quantities of Substance S are administered. 
Cortisone on the other hand, is less effective at this concentration in suppress- 
ing the influx of leukocytes than at lower doses. 
The hydrazide reaction is also most prominent in fibroblasts of cortisol- 
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18, 


FrGuREs 17 and 18. Radioautograms of loose connective tissue after topical injection of C444, Areolar tissue 
and superimposed strip film (Eastman Kodak) wer 


) Were exposed for 8 months and stained with hematoxylin and eosin. 
Note the Corresponding positions of radioactive material and cytoplasm of fibroblasts. XX 600. 


treated loose connective tissue (FIGURES 3 and 4), 
quently found in fat cells. The latter differ from fibroblasts with regard to 
the distribution of Seligman-positive granules in that these granules are not 
diffusely arranged within the cell, but are concentrated about the nuclei with 


Positive granules are fre- 
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TABLE 2 
STAINING REACTION, NEOTETRAZOLIUM 6 Hours AFTER HORMONE 


TREATMENT 


NTZ granulation 
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strands radiating in all directions (FIGURES 5 and 6). Histiocytes frequently, 
but not regularly, contain a few blue-stained granules. Polymorphonuclear 
cells (FIGURES 3 and 8) and lymphocytes are consistently devoid of reactive 
ketones. The granulation of mast cells and eosinophilic leukocytes (FIGURES 
2, 7) was similar to that induced by cortisol when observed in the phase con- 
trast microscope but, due to the lack of color, was easily differentiated from 
histochemically positively stained granules when observed in the light micro- 
scope. The granulation in these 2 types of cells was observed in untreated 
tissues. 

Fibroblastic granules that give a positive staining reaction with neotetra- 
zolium (NTZ) (FIGURE 14) are of a dark purplish color and are produced in 
greatest concentration by corticosterone, Substance S and, to a lesser extent, 
by cortisol and cortisone (TABLE 2). These granules are not observed in lym- 
phocytes, eosinophilic granulocytes, or histiocytes, and they are found only 
occasionally in polymorphonuclear leukocytes and mast cells after treatment 
with these hormones. 

When NTZ is injected simultaneously with the steroid hormone suspension 
6 hours prior to sacrifice, results qualitatively similar to those listed in TABLE 
2 are obtained. Quantitatively, however, there is a reduction in both the num- 
ber of cells affected by the treatment and in the number of granules per cell. 

These findings were verified by in vilro experiments. Within 15 minutes 
after tissues were exposed to cortisol, fibroblasts began to assume the spherical 
shape. After 45 minutes the hydrazide reaction showed positive granules in 
fibroblasts (FIGURE 12). One hour after the experiment was started, the ap- 
pearance of the NTZ granulation was noted (FIGURE 15). No similar effects 
were observed after desoxycorticosterone glucoside experiments. 

The local administration of ring-labeled cortisol results in a concentration 
of radioactivity in fibroblasts (r1GuRE 17 and 18) in the area of injection, al- 
though a few tracks are evident in the ground substance of the same area. 

Several attempts were made to extract reactive substances from fibroblasts. 
Extraction of cortisol-treated tissues with ethyl alcohol results in a complete 
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depletion of hydrazide or NTZ-stained material (FIGURE 16). When the ex- 
tract was analyzed for cortical hormones, however, the recovery was less than 
1 per cent of the amount of material injected. 


Discussion 


The specificity of the hydroxy-naphthoic acid-hydrazine method for keto- 
steroids has been a subject of controversy.” While it is outside the scope of 
this publication to enter into the polemics of this problem, 2 possibilities must 
be considered. Either the reagent stains the ketosteroids administered, or 
it stains new reactive aldehyde and ketone groupings formed in the tissues. 
Thus the fibroblast demonstrates either a specific uptake of the administered 
hormone or a metabolic effect of the substance. 

Considering the former point of view, cortisol-treated fibroblasts and fat 
cells have the greatest “uptake.” The reagent reacts best with progesterone 
in vitro’? These results accordingly indicate that progesterone was locally 
absent from the site 6 hours after injection. Cortisol appears to be present 
in greater concentration after a similar interval. This may indeed indicate a 
selectivity for cortisol over other steroids and might explain the increased 
granulation of the inflamed tissues that might remove cortisol from the circu- 
lation. 

On the other hand, cortisol might increase the number of reactive substances 
intracellularly. If this were the case, we could explain the slight but definite 
response to other nonreactive substances (for example, dihydroallocortisone 
and tetrahydrocortisone), as well as to inflammation. The biological spec- 
ificity would then correlate well with the observed experimental and clinical 
data of the effects of cortisol on connective tissue. 

A similar problem exists for the analysis of data obtained with NTZ. Under 
appropriate conditions this substance demonstrates the presence of the alpha- 
ketol side chain. In our experiments, however, cortisol causes little effect, 
and 11-desoxycorticosterone, tetrahydrocortisone, and 11-dehydrocorticos- 
terone have no effect. This indicates a different type of selectivity. 

The NTZ procedure is well known for its ability to demonstrate the presence 
of reducing groups; the range reported includes sulfhydryl, ascorbic acid, alde- 
hydes, ketones, reducing sugars,'® and succinic dehydrogenase, as well as vari- 
ous unknown substances. Analysis of these data also indicates that these 
experiments measure the indirect effect of the steroids. Certainly one or both 
of these methods measure substances other than the cortical hormone side 
chain. Chemical data tend to confirm this. Alcohol extraction results in the 
loss of granulation. Under the best circumstances, however, only about 1 
per cent of the administered cortisol can be recovered. Furthermore, the 
granulation remains in many of the cells for as long as 10 days, and recent 
findings suggest that the steroids are lost long before this time has elapsed. 

While our data indicate the formation of new reducing substances in the cells, 
it is impossible at this time to postulate what the mechanism may be. The 
hormonal influence may be operative on the cell membrane or even the en- 
vironment of the cell, but certainly the metabolic behavior as well as the 
morphology of the fibroblast is altered. 
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ee ge er! Evidence presented aes be interpreted to indi- 
duce metabolic changes within the : ieee din oe ere 

voli cell that could induce histochemical changes 
—so that it is the metabolic alteration rather than the hormone itself that 
may be responsible for the histochemical effect—the radioautographic evidence 
tends to indicate that radioactive cortisol is located for a time within the cyto- 
plasm or is closely applied to the cell membrane. If the histochemical evi- 
dence is valid, it appears that fat cells concentrate little of the hormone and 
deposit it only for a relatively short period of time. In any case, cortisol 
tends to produce definite alterations in the fibroblasts. 

It has been found previously and is also reported here that cortisol tends 
to produce a rounding-up, that is, a pulling-in of the processes, and a more 
epithelial appearance of the fibroblast. We have also shown that such fibro- 
blasts in the inflamed area of cortisol-treated animals tend to maintain this 
appearance in the presence of the inflammatory response. For this reason it 
has been suggested that the rounded-up fibroblast is resistant to the wave of 
cell destruction that takes place in the localized area of inflammation. 

It appears from these investigations that cortisol and other anti-inflammatory 
hormones may be concentrated within or at the surface of the fibroblasts, and 
that this concentration is followed by a change in the structure and metabolism 
of the affected cell which, in turn, is correlated with a greater resistance to the 
process of destruction in the inflamed area. The mechanism(s) by which 
anti-inflammatory hormones produce a cell of increased resistance to such cyto- 
toxic effects is under investigation. 
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ASSAY OF DRUGS ON CONNECTIVE-TISSUE PERMEABILITY 


By Joseph Seifter and David H. Baeder 
Wyeth Institute for Medical Research, Radnor, Pa. 


Change in the permeability of connective-tissue membranes is a property 
of the ground substance that can be measured 7m viv0. The available methods 
are inadequate because they detect effects only on those components of the 
ground substance that are altered by hyaluronidase, and usually they do not 
lend themselves to quantitative measurement. Measuring permeability 
changes of the synovial membrane in the talocrural articulation of the rabbit 
has several limitations, but this method offers a means of quantitatively evalu- 
ating the relative potencies of various compounds in either facilitating or re- 
tarding passage through the ground substance. The precise details of the 
method and a statistical evaluation of it have been published elsewhere. * 

FrcurE 1 shows the typical phenolsulfonphthalein (PSP) excretion curve 
obtained in untreated rabbits. In 1658 rabbits, the mean rate of flow of PSP 
was 18 ug./minute (SE +3.9 per cent). Any anionic dye that clears through 
the kidney and that is not metabolized could be used. Cationic dyes, however, 
cannot be used since they usually react with the hyaluronic acid of the synovial 
membrane and are eventually phagocytized and eliminated by way of the lym- 
phatics. FicurEe 2 shows the marked increase in the rate of PSP excretion 
caused by 150 U.S.P. units of hyaluronidase injected into the synovial cavity. 
The rate of clearance of dye was approximately twice as rapid as that observed 
with untreated rabbits, and is attributed to depolymerization of the hyaluronic 
acid in the synovial membrane. A similar effect was obtained with desoxy- 
corticosterone acetate (DCA) administered intramuscularly. Frcure 3 illus- 
trates the marked antipermeability effect of cortisone. Not only was the rate 
of excretion considerably slower but the amount eventually eliminated was 
about one third of normal. The retained dye could be recovered from the 
synovial cavity, and it was established that the antipermeability action was 
not due to a renal effect of cortisone. Similar effects were obtained with ad- 
renocorticotropic hormone (ACTH). 

Since ACTH and the adrenal-like steroids markedly affected permeability, 
the possibility exists that a variety of substances could produce similar effects 
by affecting either the pituitary or the adrenals. Cortisone, DCA, and hyal- 
uronidase produced their typical effects on permeability in either hypophysec- 
tomized or adrenalectomized rabbits, and it is assumed, therefore, that the 
action of these agents is directly on the ground substance of the connective tis- 
sue. ACTH had antipermeability action in hypophysectomized rabbits but 
not in those adrenalectomized. Some of the effects obtained in adrenalecto- 
mized animals are shown in FIGURE 4. Adrenalectomy did not have a highly 
significant effect on the permeability of the ground substance. Formalin, 
which is a recognized stressor acting through the pituitary-adrenal system, had 
marked antipermeability action in intact rabbits but not in those adrenalec- 
tomized. The action of 21-acetoxypregnenolone illustrates the limitations of 
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permeability studies in the intact animal. This compound has a marked anti- 
permeability effect that is manifested even in the presence of hyaluronidase 
or DCA. No antipermeability, anti-DCA, or antihyaluronidase effects were 
obtained in adrenalectomized animals. It is obvious, therefore, that the anti- 
permeability effects of 21-acetoxypregnenolone, unlike those of the adrenal 
steroids, is not a direct one but mediated through pituitary-adrenal system. 
More than 100 steroids were tested for their effects on permeability. Of 
these, only 7 had potent antipermeability action without affecting the adrenals 
or producing the alarm reaction. These compounds are listed in TABLE 1, 
The data suggested that the antipermeability potency might be, in part, 
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EFrrect OF CERTAIN STEROIDS ON Rate oF PSP CLEARANCE 


TABLE 1 
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Steroid 


Micrograms PSP 
cleared per minute 
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a function of the degree of the unsaturation of the 4 ring as well as the position 
of the double bond. This hypothesis is illustrated in FIGURE 9. DCA has 
been shown to have no antipermeability effect but rather enhances the passage 


of dye across the synovial membrane. 
tivity approximately equal to that of cortisone. 


Its Al analog was found to have ac- 
The A1,A4 analog was not 


available to us, but the closely related 17-hydroxy compound was found to 
have considerably greater potency. 
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Establishing that a compound has antipermeability effects in the absence 
of the pituitary and adrenals constitutes only the first step in evaluating its 
potential as an anti-inflammatory agent. We have found that the clinically 
effective compounds possess antipermeability activity, but not all antiperme- 
ability compounds have anti-inflammatory properties. Alterations in perme- 
ability apparently affect only the edema phase of the inflammatory process. 
It has been demonstrated that removal of the edema does not determine the 
final outcome of the inflammatory process and such removal may, in some 
instances, favor petechial hemorrhages.’ It remains to be established whether 
alleviation of the edema phase is of therapeutic benefit as regards comfort of 
the patient. It has also been demonstrated that decreasing the permeability 
of the ground substance and thereby alleviating the edema does not influence 
the course or incidence of carditis in experimental serum disease in rabbits.* 
Apparently, in addition to antipermeability action, the effect on immune re- 
actions is also necessary. 


Summary 


(1) A method for the assay of drugs on connective tissue permeability based 
on the passage of an anionic dye across the synovial membrane in the rabbit 
is presented. 

(2) Establishing the fact that a compound has antipermeability effects in 
the absence of the pituitary and adrenals constitutes only a single step in the 
evaluation of its potential as an anti-inflammatory agent. 

(3) Although clinically effective compounds possess antipermeability action, 
not all antipermeability compounds have anti-inflammatory properties. 

(4) Antipermeability action is enhanced by Al unsaturation in the 4 ring of 
adrenal-like steroids. 
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SCREENING OF POSSIBLE THERAPEUTIC AGENTS 
BY MEANS OF EXPERIMENTAL REPLICAS 
OF CONNECTIVE-TISSUE DISEASES* 


By Hans Selye and Gaétan Jasmin 
Institut de Médicine et de Chirurgie Expérimentales, Université de Montréal, 
Montreal, P. Q., Canada 


One of our main concerns, during the past years, has been to devise instruc- 
tive techniques for the study of the role of hormones in the body’s natural 
mechanisms of defense. 

In this paper we shall discuss 5 experimental methods we have found useful 
in the assessment of connective-tissue reactions and the possible implications 
of these reactions to various disease manifestations. 


The Granuloma-Pouch Test 


The first technique to be described has been devised to provide an accurate 
indicator for the objective assessment of tissue reactivity. A pouch is formed 
by injecting a given amount of air, usually 25 ml., into the loose subcutaneous 
connective tissue of the dorsal skin of the rat, thus creating a symmetrical 
ellipsoid air space of any desired size. If an irritant (for example, croton oil) 
is introduced into the cavity so prepared, its lining is rapidly transformed into 
a granulomatous membrane. Then the air is gradually displaced by a more 
or less hemorrhagic inflammatory exudate. The details of the experimental 
procedure have been described in many of our publications,’ 7? so here we 
shall discuss only some of the principal applications of the method in the 
study of inflammation and wound healing. 

One of the main technical advantages of the granuloma pouch is that most 
of the factors that affect inflammation, such as position, size, and shape of 
the focus, can be maintained rigidly uniform, even if very different kinds of 
irritants are used or if the inflammatory reaction is artificially intensified or 
suppressed. On the other hand, the structural configuration of the granuloma 
itself, as well as the composition of the inflammatory fluid that accumulates, 
depend upon the nature of the irritant used. Many types of granuloma tissues 
may be obtained: formalin induces a predominant fibroblastic reaction; croton 
oil causes an intensely fibrous capsule containing hemorrhagic exudate; mustard 
powder results in the production of innumerable foreign-body giant cells; and 
turpentine predominantly elicits pus formation. After introducing carragenin 
or carboxymethylcellulose, the connective-tissue lining is almost entirely 
transformed into metachromatically staining “pseudomastocytes.” 

Due to the exceptional anatomical position of such an artificially created 
inflammatory organ, one can follow easily the progress of inflammation and 
all characteristic morphologic structures, such as vascular pattern and amount 
of the exudate formed. This exudate can be readily appraised throughout the 


* This work was subsidized in part by the Medical Research Board, Office of the Surgeon General, Department 
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duration of an experiment, even in the living animal, by merely transilluminat- 
ing the granuloma pouch with a flashlight. In a darkened room, the upper 
level of the red hemorrhagic exudate is clearly distinguishable from the trans- 
parent air remnant, and its height can be traced on the skin with an eyebrow 
pencil. This technique facilitates the objective assessment of the rate of exu- 
date formation by comparing the amount day by day. 

Because it has its own vascular system that supplies the inflamed tissue ex- 
clusively, this organ also lends itself to the analysis of the functional value of 
granuloma tissue. B or instance, in studying body resistance to microbes or 
chemical and mechanical irritants, it may serve for the estimation of absorption 
from the inflamed surface into the blood or lymph stream, as well as for the 
estimation of the excretion of blood-borne products through the inflamed bar- 
rier. Finally, the inflammatory process, being well delimited, can be evaluated 
accurately by dissecting and weighing the whole circumscribed inflamed area. 

The granuloma pouch acts as a magnifier for the comparative study of sys- 
temic and local stress, as well as of the effect of adaptive hormones. For in- 
stance, it helps to assess the quantitative and qualitative activity of various 
anti-inflammatory hormones and drugs. As expected, in using cortisol 
(COLA), either locally or systemically, it was observed that this antiphlogistic 
corticoid is highly active in preventing the formation of granulomatous tissue. 
Even more interesting is the fact that the administration of a single threshold 
dose of COLA becomes more effective in preventing the development of a 
large inflammatory focus if given during a certain “critical period.’ Under 
similar conditions, it was observed that the inhibitory action of systemic stress 
upon inflammation also occurs during a sharply delimited “critical period.”*® 

The granuloma-pouch technique also helps to dissociate 2 closely related 
phenomena resulting from tissue injury, namely, inflammation and necrosis. 
The functional value of inflammatory tissue as a barrier against local injury 
may be affected by hormonal treatment or various stress situations. For in- 
stance, cortisol selectively inhibits the phlogistic effect of croton oil without 
impeding its necrotizing action. A similar phenomenon occurs when the 
granuloma pouch is subjected to fresh gastric juice or trypsin. Under ordinary 
conditions, the granuloma is extremely resistant to proteolytic enzymes. It 
will perforate, however, once the animal is exposed to a systemic stress. This 
may help us to understand the mechanism underlying the perforation of gastric 
ulcers during stress or antiphlogistic hormone treatment.” * ° 

The granuloma pouch has permitted us to establish with greater precision 
the close relationship between systemic and local types of nonspecific reactions. 
Here, under conditions of local stress, the immediate effect of topical stress- 
producers takes the form of clear-cut morphologic reactions whose qualitative 
and quantitative features can be appraised much more objectively than those 
of systemic changes in resistance. In submitting such a circumscribed region 


Ficure 1a. Appearance of a fully formed granuloma pouch, as viewed from the outside. 


Ficure 1b. The skin muscle has been dissected and lifted to show its relation to the actual granuloma mem- 
brane, which is covered by it just underneath the skin. Some of these muscle bands remained attached to the 
fascial layers of the back, so that the pouch actually developed within 2 laminae of the cutaneous musculature. 
The neurovascular pedicles of ue ae = clearly te cee eaereine os ine of the intercostal spaces 

ing vertically towards the granuloma in whic ey distribute thems 5 
aes After enue eat gad Resta the granuloma pouch was opened by an almost complete frontal 
section. The even thickness and the great regularity of the external and internal surfaces can be noted. 


484 Annals New York Academy of Sciences 


of the body to nonspecific injury, by croton oil or formalin, for example, one 
can observe that the connective-tissue response undergoes the same triphasic 
pattern as the general adaptation syndrome. Accordingly, a “local adaptation 
syndrome” could be illustrated by the following 3 stages: (1) the local alarm 
reaction (cellular degeneration, necrosis, and acute inflammation), (2) the local 
stage of resistance (chronic inflammation and cell proliferation), and (3) the 
local stage of exhaustion (degeneration and necrosis) .!° 

Of particular significance is the local stage of resistance during which the 
granuloma becomes highly resistant to further treatment with .otherwise- 
necrotizing doses of the same irritant that was used to produce it. Thus we 
arrive at an inexhaustible pouch in which the granulomatous capsule remains 
under the influence of high concentrations of an irritant for more than 200 days 
without necrosis or perforation. With this technique, we succeeded in develop- 
ing sarcomas as a result of constant irritation with concentrated oil alone.” 
Such an experimental approach may be useful in examining the possible car- 
cinogenic effect of various other simple inflammatory irritants. 

Finally, let us mention that the granuloma-pouch technique has also been 
adapted for use in the study of transplanted tumors in rats. A neoplastic 
granuloma pouch, with formation of exudate, will result following the injection 
of a tumor-cell suspension into a subcutaneous air space.!!° This method 
enabled us to study the pharmacologic properties of tumoral exudates. An 
interesting aspect resulting from the administration of these fluids will be dis- 
cussed as one of the means to study arthritis. 


The Topical-Irritation Arthritis Test 


An experimental arthritis may be induced in rats by the topical injection 
of formalin, kaolin, or of many other irritants just beneath the plantar skin 
of the hind paws. A few minutes after the injection of the irritant under the 
aponeurosis, there is intense congestion and diffuse edema of the whole paw, 
but particularly in the metatarsal region. Two days later, the acute reaction 
tends to localize itself at the joint level, and the mobility of this paw is already 
limited. During the 10 following days, the articular inflammatory process 
enters into a chronic phase. By this time most of the edema has subsided, 
but the surrounding skin remains intensely hyperemic, and the periarticular 
tissue begins to proliferate, especially in the ankle-joint region. It is some- 
what unexpected that the injection of the irritant at some distance from the 
ankle joint should produce a secondary response in this articulation, but 
numerous observations leave no doubt concerning the selectivity of the ankle- 
joint region during the chronic indurative stage. In this region, apparently, 
the connective tissue surrounding the large joints has the greatest “Gnflam- 
matory potential,” that of dermal connective tissue coming second. In fact, 
most other tissues respond only with a very slight and transitory edema, fol- 
lowed by actual necrosis of the parenchymatous cells, without any long-lasting 
secondary proliferative inflammatory response.!® 17 ‘ } 

Various types of irritants, each of them administered at the volume of 0.2 
ml., will produce different inflammatory responses: 

(1) Formalin. A 4 per cent solution is injected in 1 of the hind paws of a 
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rat on the first day. A second, similar injection is given in the same paw 4 
days later. Thereafter, repeated injections at intervals of a few days will 
give rise to chronic periarthritis indurative changes. Although this does not 
lead to any abscess formation, the resulting arthritis and periarthritis in the 
ankle joint become self-maintaining chronic inflammatory processes that 
show little or no sign of regression for weeks after the last injection. Indeed, 
the inflammation frequently continues to progress after treatment has been 
discontinued, so that eventually the joint becomes enormously enlarged, stiff, 
and extremely painful to the touch. 

(2) Kaolin. A 10 per cent kaolin suspension, either in water or in oil, is 
utilized. Kaolin has a low irritative power and elicits a rather delayed but 
more sustained inflammatory response because of the particulate nature of its 
granules. Under such conditions, a single injection is sufficient to obtain a 
maximal topical stimulation after 6 to 8 days. The test is useful where a low- 
grade, but prolonged, reaction is desirable. 

(3) Mustard. This preparation, Keen’s mustard powder, administered in a 
10 per cent suspension combines the properties of formalin and kaolin in acting 
both as an acute and as a chronic irritant. The inflammatory process begins 
a few minutes after the topical treatment. The acute edematous and hyper- 
emic phase lasts about 6 days, giving place to a chronic reaction that usually 
ends in a permanent ankylosis. 

(4) Dextran. The topical administration of very dilute dextran (0.17 per 
cent) produces an almost immediate reaction that lasts only about 3 hours. 
This acute and transient inflammatory reaction may serve as a reference to 
evaluate the inflammatory potential while animals are under experiment. 
The method is particularly sensitive and can be used to advantage in assessing 
prophlogistic and antiphlogistic hormones available only in small quantities. 
In this way it was possible to demonstrate that aldosterone increases the reac- 
tion to locally injected dextran to the same extent as does desoxycorticosterone 
acetate (DOCA).'8 

According to the type of irritant utilized and the stage of development at- 
tained, the histologic picture of the topical-irritation arthritis resembles, with- 
out being identical with, acute rheumatic lesions. Thisis particularly evidenced 
by edema of the synovial membrane and exudate in the metatarsal-joint cavity, 
while the chronic lesions are more comparable to the rheumatoid type of arthri- 
tis, with the formation of a chondroid pannus and erosion of the articular 
cartilage. we 

The topical-irritation arthritis helps to screen various anti-inflammatory 
drugs, mainly as regards their effect on joint lesions. It also serves as an index 
to evaluate the inflammatory potential of animals under treatment with hor- 
monal preparations or subjected to different damaging agents. 


Experimental Polyarthritis 


Use of the granuloma-pouch technique for the growth of Murphy Rat Lym- 
phosarcoma (MRLS) tissue results in the accumulation of a large amount of 
viscous exudate in the lumen of the pouch. Upon intravenous or intra- 
peritoneal injection, this exudate tends to produce a chronic polyarthritis 
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Ficure 2. Antiphlogistic effect of the al 
animal received a local injection of formalin ur 
Left. An otherwise untreated rat, showing fu 
Right. Alarm reaction produced by cold 


in the rat. The joint lesions are particularly severe in adrenalectomized ani- 
mals maintained on DOCA and can be prevented by treatment with COLA.!9 
The polyarthritis-producing factor in the tumoral exudate has not yet been 
identified. -It is evident, however, that the adrenal cortex plays a decisive role 
in the development of these lesions.2?. Among the pituitary hormones, growth 
hormone (STH) aggravates, while adrenocorticotropic hormone (ACTH) pre- 
vents this polyarthritis. Interestingly enough, prolonged treatment with crude 
pituitary extracts rich in growth hormone or STH itself also produces poly- 
arthritis, especially in hypophysectomized animals.”! These experimental joint 
lesions may serve as models to study problems of human pathology pertaining 


to the action of systemic inflammatory agents on certain specific tissue areas. 


The Anaphylactoid Reaction 


It was observed some years ago that the parenteral injection of egg white 
into the rat produces a singular, acute inflammatory reaction in certain pre- 
disposed “shock organs” such as the snout, the ears, the paws, and the genital 
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polyarthritis’’ induced in rats by intraperitoneal injections of Murphy Rat Lympho- 


ingle intraperitoneal injection of 1.0 ml. of 
g the foot down fails to extend the ankle 


MRLS late. N he 
joint fully in a treated rat 
Canada 


FIGURE 4 Macroscopic appearance of an ‘‘anaphylactoid reaction’ in the snout of the rat 


Left. An untreated control rat 
Right An egg hite-treated rat Note marked edema of the tongue, 11ps, ¢ 
Ph.D. thesis, Université de Montréal, Montreal, P. Q., Canada 


1 nose From Léger, J. 1948. 


resion2 Although, histologically, this response resembles certain hyperergic 
5 : 4 Bit) ; i ; } ; 
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inflammatory reactions, it is apparently not a tru anaphylaxis, since it do¢ 
not depend upon preliminary sensitization with the evocative 


ive agent. This 
phenomenon has therefore been referred to as an “‘anaphylactoid”’ reaction. 
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Subsequent investigations have shown that, in crude egg white, the ovomucoid 
fraction carries the activity and that, essentially, responses can be obtained 
also with a variety of other substances such as dextran, globin, hyaluronidase, 
polyvinylpyrrolidone, and 48/80.*°° 12 

It is not yet fully understood what chemical and physical characteristics a 
substance must possess to be effective in this respect. Because of the high- 
molecular polysaccharidic nature of many of these compounds, it is suggested 
that they would manifest their phlogogenic activity by influencing the degree 
of polymerisation of the ground substance, thus increasing the vascular perme- 
ability in certain elective regions. It has also been suggested that the com- 
pounds might act as histamine releasers. Some of them seem to raise the 
histamine level in the plasma and diminish it in the skin. Furthermore, re- 
peated treatment with these same agents progressively decreases the skin re- 
activity." 

The substances that, when injected systemically, affect hypersensitive re- 
gions are also effective when administered topically into the connective tissue 
of the “shock organs,”’ but no comparable response can be obtained anywhere 
else in the connective tissue.2? Moreover, the adequate topical treatment of 
a shock organ also induces a remote reaction in all other predisposed tissues. 
It was found that the high reactivity of these shock organs is not related to 
their anatomical location. In fact, even after transplantation these organs 
still continue to react selectively to parenteral administration cf dextran. 
This response could be visualized by intravenous injections of different dyes 
that tend to concentrate in the hyperactive graft. Upon histological examina- 
tion it was observed that the dye tends to localize in the endothelial cells of 
the vessels. We then concluded that this reactivity is related to a factor in- 
herent in the target organ itself.®° 

Of particular interest in the anaphylactoid inflammatory response is the fact 
that its development is influenced by adaptive hormones and by stress. The 
reaction was found to be augmented after adrenalectomy and after treatment 
with DOCA or STH, and is diminished during the alarm reaction as well as 
after treatment with ACTH, cortisone, and cortisol. Finally, let us say that 
this test may be used as an indicator of hypersensitivity reactions and to assay 
drugs capable of affecting the course of this type of connective-tissue response 


The ‘“‘Hyalinosis” Test 


A syndrome of hyalinosis, a generalized tendency to hyalin deposition in the 
blood vessels, heart, and renal glomeruli, develops in animals following chronic 
overdosage with mineralocorticoids such as DOCA. The pathological picture 
of this disease differs from one species of laboratory animal to another. In 
the rat, the animal most commonly used for this kind of study, hyalinosis is 
characterized by nephrosclerosis (glomerular and arteriolar hyalinization, and 
hyalin casts), myocarditis (partially hyalinized granulomatous nodules in the 
heart), and periarteritis nodosa (with hyalinization and inflammation espe- 
cially in the mesenteric and cerebral vessels). ‘These lesions are more readily 
observed in animals sensitized to the toxic action of an overdosage of DOCA 
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by unilateral nephrectomy and high sodium intake. Essentially the same 
changes will appear after treatment with purified growth hormone (STH) 
or with crude lyophilized anterior pituitary (LAP) tissue. The syndrome can 
also be duplicated by exposing sensitized animals to a variety of noxious agents, 
such as cold and infections, capable of producing a general adaptation syndrome 
with the characteristic stimulation of the adrenal cortex.*) ” 

Subsequent investigations revealed that intact and adrenalectomized rats 
are equally sensitive to the toxic effect of DOCA, but this action of the mineralo- 
corticoid can be aggravated by STH only in the presence of the adrenals. 
Besides, unlike its somatotropic effect, the hyalinosis-producing action of STH 
depends upon the functional integrity of adrenal tissue, and it is abolished after 
adrenalectomy even if both glucocorticoids and mineralocorticoids are supplied 
by injection. #4, 3 

More recently, it has been observed that a synthetic androgen, methylandro- 
stenediol (MAD), can also produce essentially similar cardiovascular and renal 
changes. This compound also produces renal and vascular damage only in 
the presence of the adrenals. Presumably, its actual toxic effect results from 
the endogenous DOCA-like steroid secretion. This view was further strength- 
ened by the finding of rather characteristic histologic changes in the adrenal 
cortex of MAD-treated animals, namely, the accumulation of numerous in- 
tensely para-aminosalicylic acid-positive cytoplasmic granules. Similar 
granules do occur occasionally in human adrenals, and these granules are 
claimed to be particularly common in patients who succumb to hypertensive 
and cardiovascular diseases.*° 

The toxic effect of various adaptive hormones depends largely upon a variety 
of “conditioning factors.” Both the production of these hormones and their 
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effect upon individual target organs prove to be greatly influenced by heredity, 
age, nutritional state, and similar factors. For instance, the hyalinosis result- 
ing from LAP treatment is enhanced by a high protein diet, while restriction 
of food intake can completely abolish renal and vascular lesions following a 
prolonged treatment with DOCA. Also, STH fails to stimulate growth, inflam- 
mation, and lymphatic tissue development in adrenalectomized rats unless 
the animals are maintained with salt supplements or a threshold dose of DOCA 
(100y). Stress itself may become a conditioning factor in altering tissue re- 
sponse toa stimulus. This might explain why the same stress-produting agent 
can cause diverse pathologic manifestations in different individuals.” ** * 

It has been shown that a brief overdosage with DOCA, especially with a 
combination of DOCA and LAP, or of DOCA and STH, may cause permanent 
renal and cardiovascular damage in sensitized rats. Upon cessation of the 
administration of both hormone and NaCl, the animals appear to be in perfect 
health and yet, during the following months, they develop a progressively in- 
creasing and eventually fatal marked nephrosclerosis, hypertension, peri- 
arteritis nodosa, and cardiac-nodule formation. The term ‘‘metacorticoid 
hypertension” was suggested as an appropriate designation for this phenomenon 
in analogy with the expression ‘““metahypophyseal diabetes.’’!° 

A very rapid and efficient method of inducing experimental hyalinosis is 
the experimental production of an “endocrine kidney” in rats. This technique 
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consists of decreasing the renal blood pressure to the level of the colloid osmotic 
pressure of the general circulation. Under these conditions, filtration and urine 
production cease, while the renal tissue remains sufficiently well supplied with 
blood to live and to produce hypertensive substances. As far as urine pro- 
duction is concerned, the bearer of an endocrine kidney is exactly equivalent 
to a unilaterally nephrectomized animal but, unlike the latter animal, it 
develops marked hypertension, vascular lesions, and nephrosclerosis in the con- 
tralateral kidney, though never in the endocrine kidney. These manifesta- 
tions appear within 1 to 3 weeks, and the animals often die without any evi- 
dence of uremia. The removal of an endocrine kidney will not interfere with 
the experimentally induced hypertension and hyalinosis. The endocrine kid- 
ney procedure has proved to be useful in the study of the pathogenesis of malig- 
nant renal hypertension and the metabolic derangement that results from an 
overproduction of renal-pressor substances.*! 

On the assumption that hypophysectomy can prevent and even cure the 
lesions elicited in the heart and kidneys by an overdosage of DOCA, it was 
believed that mineralocorticoid hormones do not act directly upon these organs 
but exert their effect through hypophyseal stimulation. In this connection, 
it was recently demonstrated that hypophysectomized DOCA-treated rats, 
when given either hypophyseal implants or a combined treatment with STH 
and ACTH, developed a marked hyalinotic syndrome. Consequently a 
functional pituitary does not seem to be indispensable for the production of 
hyalinosis.*: * 

In conclusion, let us say that the experimental production of hyalinosis by 
means of pituitary and adrenocortical hormones may serve as a screening test 
for compounds that show promise in the treatment of comparable disease 
manifestations in man. Certain drugs, such as sodium-exchange resins, am- 
monium chloride, antihistamines, chlorpromazine, Rauwolfia, and benzedrine 
have already been assayed in this manner.*: “ 

Without entering into technical details, I shall briefly describe a method used 
in our laboratory for the study of such compounds. As a first step, intact 
rats are divided into 4 groups, all of the animals being sensitized by unilateral 
nephrectomy and receiving 1 per cent salt supplements in their diet. The first 
group serves as an absolute control, while the second receives a fully effective 
amount of DOCA concurrently with the compound under study. ‘The last 
2 groups are treated separately with 1 or the other of the 2 substances. 

In order to establish the possible role of the pituitary and adrenals in the 
production or prevention of hyalinosis by various agents, it is, of course, neces- 
sary to repeat such tests in hypophysectomized or adrenalectomized rats. 

There are many other approaches to the problems involved in the appraisal 
of hormonal factors in various biologic reactions. Since other investigators 
whose work is reported in this monograph are more competent to discuss the 
techniques that they have developed, we have reported here only those that we 
have found to be most practical for our work in the study of connective-tissue 
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Part II. Angina Pectoris 
INTRODUCTORY REMARKS TO PART II 


By Donald E. Gregg 


The Department of Cardiores piratory Diseases, Walter Reed Army I nstitute of Research, 
Walter Reed Army Medical Center, Washington, D. C. 


While there are some dissenting voices, general consideration indicates that 
the production of pain from stimulation of the sensory cardiac nerve endings 
arises from imbalance in the heart between the supply and demand of oxygen. 
Accordingly, our problem is to determine what objective test to make that best 
portrays the adequacy of the myocardium and its coronary vessels in this situa- 
tion. Means of assay have been presented as objective clinical indications of 
positive benefit or improvement in the state of function of the myocardium. 
These include the relief of the angina of effort in patients in whom attempts 
are made to delete the subjective element of pain, and improvement in the 
electrocardiographic response to standardized exercise. Whether the ability 
of a drug to diminish anginal episodes or to improve electrocardiographic re- 
sponse in exercise is an objective measure of positive benefit to a stressed myo- 
cardium is still debatable. This is true because, in the first instance, it is not 
known to what extent the influence of the physiology of sensation on angina 
has been removed. In the second instance, the assumption must necessarily 
be made that the electrocardiographic response correctly indicates myocardial 
hypoxia or ischemia. 

In the search for an objective means of assay of such compromised hearts, 
attention is properly directed to known events in the myocardium itself. The 
heart of an individual with considerable cardiac pain and often limited work 
tolerance generally presents a dual problem. In the area of the myocardium 
that is handicapped by sclerosed coronary vessels, the supply of blood and oxy- 
gen is presumably too small. Accordingly, the remaining area of the heart 
with a normally functioning coronary architecture must carry much of the 
burden of metabolism and much work of this poorly nourished myocardium 
in addition to its own. We are interested in drug action that improves the 
noncompromised and overburdened myocardium and at the same time main- 
tains the viability and improves the state of the compromised muscle. 

Let us consider first the normal but overburdened portion of the heart. 
Presentation by L. N. Katz of a picture of the modus operandi of the normal 
coronary circulation has served to direct our attention (1) to basic concepts of 
regulation of coronary flow of blood and oxygen and (2) to the physiological 
means by which the state of the normal but overburdened portion of the my- 
ocardium can be improved. The thesis has been emphasized that the state of 
dilatation of the coronary vessels or the coronary blood flow is regulated by 
the metabolic requirements of the heart muscle. Such dilatation is ascribed 
to relaxation of the smooth muscle in the walls of the coronary vessels, with 
systemic blood pressure and ventricular systole or extravascular support play- 
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ing only minor roles.!. This relation of coronary flow to metabolic activity 
confirms considerable previous investigation.2: ® Augmentation of the pres- 
sure head in the coronary arteries is probably not too potent a factor in 
adjustment of the normal heart to stress, since systemic blood pressure rises 
only mildly in everyday activity, or even in the presence of exercise and ex- 
citement that are the usual normal stimuli to increased cardiac activity. In 
the same circumstances, however, the major mechanism for increased cardiac 
output and cardiac work is a large increase in heart rate.‘ Accordingly, the 
contraction of the myocardium during systole is potentially a most impor- 
tant factor in regulating coronary flow. Actually, it can be demonstrated, 
when ventricular asystole is induced for a few seconds in the presence of 
coronary perfusion, that (1) coronary flow increases greatly, (2) up to half 
the increase in coronary flow resulting from augmentation of the work or 
metabolism of the heart or from hypoxia arises from the reduced “throttling 
action” of myocardial contraction, while the remaining increase in coronary 
flow comes from relaxation in the intrinsic smooth muscle in the coronary 
vessels.°» ® Since the length of each systole and the number of systoles per 
minute can change greatly, it is obvious that their effect on coronary flow is 
large. 

The view is held and has been expressed here that, as blood passes through 
a coronary capillary, about 10 to 12 volumes per cent of its oxygen is removed, 
leaving about 8 to 10 volumes per cent of oxygen in the coronary sinus blood. 
This indicates that a perfect balance is maintained between processes of me- 
tabolism causing oxygen extraction from the coronary blood and processes of 
dilatation causing an increase in coronary flow and a decrease in oxygen re- 
moval. This value, however, is by no means constant when the need for oxy- 
gen is outside the normal range. The values decrease in the acute or chroni- 
cally failing heart’ and in the presence of aortic or pulmonic stenosis even if the 
control coronary inflow is 2 to 3 times the normal value.* 

Despite many published reports on the economy with which the heart uses 
oxygen under various physiological circumstances, one must view present 
calculations and measurements of this entity as most crude, and their interpre- 
tation as precarious. As in any other muscle, mechanical efficiency should be 
obtained by dividing the external ventricular work by the difierence between 
its oxygen consumption during contraction and during relaxation. Only the 
first 2 parameters have been measured, however. Obviously their adequacy 
depends upon the magnitude and variability of the unmeasured parameter, 
the oxygen consumption of the resting heart. Oxygen usage in the perfused 
asystolic heart approximates 25 to 40 per cent of the oxygen usage of the heart 
doing a normal amount of cardiac work.’ ° Hence, failure to include this 
measurement in the calculated mechanical efficiency of the left ventricle may 
cause a very large error and may even give wrong directional changes in efh- 
ciency. In addition, the oxygen uptake of the heart doing no external work 
varies considerably with the characteristics of the coronary blood, major 
stimulants being epinephrine and norepinephrine.’ This is especially germane 
to the thesis stressed by W. Raab that, in physical exercise and excitement, 
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pain is induced in the normal heart with or without coronary sclerosis because 
these substances enter the heart muscle in increased amounts from the adrenals 
and sympathetic nerve endings and cause a wasteful consumption of oxygen 
by the heart muscle beyond the requirements of increased cardiac work. 

From this consideration the problem arises as to what should be assayed in 
order to determine what improvement a drug might give in the heavily stressed 
portion of the heart. There is need for a drug to augment the coronary flow 
of blood and oxygen and to raise the coronary-venous-oxygen content of the 
overburdened normal portion of the myocardium. The coronary flow of oxy- 
gen should be increased without putting a large metabolic or work load on the 
already poorly conditioned heart and without causing profound changes in 
the other vascular beds. Of these possibilities, the one most advantageous to 
the heart would be that of increasing the proportion of released energy going 
into realizable work without increasing too much the total energy release by 
the heart. This is so because, with the added stress, no very large additional 
supply of oxygen to these hearts would be expected, since the coronary inflow 
and coronary-arteriovenous-oxygen difference might be somewhere near maxi- 
mum levels. Under these circumstances the effect of a drug on the level of 
oxygen content in the coronary sinus would be especially informative since 
an increase in this parameter would be a good indication of an elevation of 
cardiac efficiency. 

Partial studies have been made of drug action on hearts beating within the 
chest cavity and, presumably, with a normal coronary circulation. Some 
drugs such as epinephrine, norepinephrine, aminophyllin, Coramine, and 
Khellin operate by increasing coronary flow and oxygen supply to the myo- 
cardium but, at the same time, they also increase oxygen usage and cardiac 
work—in some instances, probably to the point of wasteful consumption of 
oxygen. Papaverine and nitroglycerin would seem to be much better drugs 
to use in this connection, for they increase coronary flow and oxygen supply 
in the presence of the same or decreased cardiac work and metabolism. The 
observation that the coronary-sinus-oxygen content may increase considerably 
with drugs such as epinephrine, norepinephrine, or nitroglycerin given intra- 
venously or intra-arterially indicates that the coronary circulation is supply- 
ing oxygen to the needy myocardium in excess of its metabolic requirement.® 
As yet, however, such experimental results should not be weighted too heavily, 
since they were obtained on subnormal hearts and generally on hearts having 
a very rapid rate. The latter is important since ventricular efficiency is in- 
versely related to heart rate; that is, for the same oxygen consumption, a ven- 
tricle will do more work at a lower heart rate.!° 

The type of dilatation associated with a marked increase in metabolism or 
work is not desirable in those portions of a heart in which coronary circulation 
is compromised, _ This is expensive to a heart that needs to conserve its re- 
sources, and it might be called ‘‘malignant dilatation.” The type of dilatation 
desired isa relaxation of the smooth muscle of the coronary bed and a reduction 
in the ventricular systolic factor limiting the coronary flow of blood and Oxy- 
iva a een Ca meraeons changes. This might be called 

é » and it 1s obviously an excellent situation for a heart in 
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this condition, indicating that it is obtaining its blood flow and oxygen cheaply. 
Actually it might be most difficult to find a drug of positive benefit to a heart 
through such a mechanism, since the compromised coronary bed is presumably 
already at or near maximal dilatation by the greatest dilator known—anoxia. 
Such a muscle, however, has too little collateral circulation to supply oxygen 
from the normal portion of the coronary circulation. Therefore the most 
important problem is the development of procedures, methods, and drugs for 
the study and stimulation of the development of coronary-artery collateral 
anastomoses. Benefit to such a portion of a heart could arise either from a 
small increase in coronary-blood flow through intercoronary and extracardiac 
collaterals or from early protection that might be supplied against ventricular 
fibrillation and without change in collateral flow, thus giving nature time to 
develop additional collaterals to sustain the heart. At the present time, studies 
in this important field are fragmentary and incomplete, but they have furnished 
some very good leads as to how drugs might play a prominent role in improving 
the heart. 

The collateral situation in the heart has certain peculiarities in that its de- 
velopment in response to coronary insufficiency is very slow in contrast to the 
situation in other arterial beds. Despite this, a relatively small amount of 
collateral flow maintains a viable myocardium, for many such hearts survive 
with minimal infarction. Whether the increase in collateral flow occurs 
through pre-existing nonfunctioning collaterals or through newly formed chan- 
nels, or whether the latter ever develop, has never been determined. 

Most hearts have some degree of collateral development. They adopt the 
prophylactic expedient of setting up or enlarging anastomoses between their 
own coronary arteries without the stimulus of coronary occlusion or insuff- 
ciency.®: "18 In the presence of anemia, cor pulmonale, cardiac hyper- 
trophy, and valvular disease, the incidence of intercoronary collateral anas- 
tomoses in injected human hearts is increased greatly over that in the normal 
human heart and, actually, in some instances, their frequency of appearance 
may approximate that with coronary occlusion or narrowing. A similar aug- 
mentation of the coronary arterial collateral bed in pigs and dogs with induced 
anemia has been observed by injection and physiological studies. In addition, 
a variety of situations such as chronic anemia, chronic arterialization or liga- 
tion of the coronary sinus, myocardial-artery implantation, application to the 
epicardium of various types of extracardiac tissue and of mechanical and 
chemical irritants, and various sham operations stimulate development of 
anatomical and functional coronary-artery collaterals that operate for some 
time in the presence of nonoccluded coronary arteries. Some of these situations 
give considerable protection against subsequent coronary-artery ligation, as 
evidenced by reduced mortality and infarction and an augmented collateral 
or retrograde flow of arterial blood from the occluded coronary artery. 

These and additional studies give grounds for encouragement that some- 
thing can be done to improve the collateral picture before coronary constriction 
or occlusion. Such considerations supply the basis for another objective test 
of the positive benefit of a drug to a poorly nourished myocardium. Basically, 
the objective assay would be an enhancement of efficiency in the overstressed 
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but normal portion of the heart while, in the compromised part of the heart, 
there is needed enhancement of collaterals and elevation of the ventricular 
fibrillation threshold, together with decreased mortality and infarction. How 
to assay the effect of drugs on these parameters of cardiac adequacy is a problem 
of the development of methods of study in a standardized, unanesthetized 
animal with a very small normal coronary collateral bed, and in which a chronic 
coronary insufficiency can be produced. Possibly, this problem can be under- 
taken in animals in the near future. In the human this method of assay will 


be further delayed. ‘ 
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CLINICAL ASPECTS FOR THE APPRAISAL OF DRUGS 
USED FOR THE TREATMENT OF 
THE ANGINAL SYNDROME 


By Robert C. Batterman 


Depariment of Medicine, New York Medical College—Metropolitan Medical Center 
New York, N. Y. 


Publication of this monograph is itself indicative that treatment of the 
patient with anginal syndrome and methods for evaluating such treatment 
leave much to be desired. Before any technique for the appraisal of thera- 
peutic measures is considered it is essential to define the problem precisely. 
It cannot be too strongly stressed that, from the clinical point of view, this 
problem can be expressed simply as ‘‘a patient with pain in the chest who wishes 
relief.” Since affliction of the heart is uppermost in both the patient’s and 
the physician’s minds, a correct diagnosis and appropriate therapy are fore- 
most considerations. Correct diagnosis has been a problem ever since Heber- 
den’s' classic description of the condition. A recent review? of thoracic pain 
mentions 78 different conditions other than coronary insufficiency that might 
on occasion simulate the anginal syndrome. The specialized knowledge re- 
quired for correct diagnosis of many of these conditions is usually not available 
to the majority of us, so that it is more than likely that many a patient with- 
out cardiac disease has been treated for the anginal syndrome and has even 
been included as a “typical” patient in investigations. To assist in the diag- 
nosis, various procedures have been devised. All are based on the assumption 
that the coronary circulation is impaired and that during a period of stress or 
anoxia the demand for blood to the heart muscle exceeds the supply. The 
result of this further “‘coronary insufficiency” presumably manifests itself in 
electrocardiographic changes or duplication of the clinical picture of the pain- 
ful state. The electrocardiogram, per se, however, either in its control con- 
figuration or after test procedure such as the exercise tolerance test of Master 
et al. or the hypoxic test of Levy et al.,4 need not reflect coronary disease or 
insufficiency. Although the majority of patients with coronary disease pre- 
sent a positive test to both of these procedures, many patients with unques- 
tioned coronary disease have a negative response. The tests may be useful 
procedures but, in the last resort, the physician must rely entirely upon the 
clinical facts that are available. An analysis of the patient’s complaints; 
type, severity, duration, location, and radiation of the pain; associated symp- 
toms; precipitating factors; frequency; response to therapy; social, economic, 
and family status; and emotional or psychic components are some of the fea- 
tures that must be carefully weighed by the physician. Furthermore, abnormal 
findings in the electrocardiogram might indicate heart disease but need not 
mean that the pain for which the patient seeks attention is due to coronary 
disease. To quote Dry,° “despite all the helpful data which can. be derived 
from the various diagnostic procedures there is no alternative to skillful in- 
terrogation of the patient.” 
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For practical purposes it is possible to group all thoracic pain into 2 major 
categories. The first classification is pain related to myocardial disease 
secondary to an insufficiency, presumably oxygen to muscle tissue. This may 
be a primary involvement of the coronary vessels, pathologic changes in myo- 
cardial tissue, or disturbances of metabolic processes of heart tissue and/or 
interstitial elements. Secondary involvement of these components may be 
related to reflex phenomena from a multitude of noncardiac conditions such as 
gall bladder disease, peptic ulcer, hiatus hernia, psychogenic factors, and others. 
The second classification includes both the cardiac diseases that Have no in- 
fluence upon coronary-blood flow and the multitude of noncardiac conditions 
that have only one thing in common—chest pain. 

The selection of patients as suitable subjects for any investigation is a for- 
midable undertaking. Only the first group should be eligible for inclusion. 
To be more exact, only those patients with primary disturbances in oxygen 
utilization to heart muscle should be considered. This would eliminate pa- 
tients who have been subjects for many studies wherein the therapeutic agent 
could be effective only on the level of reflex blockade. It must be asked 
whether these agents should be used first to exclude these patients and, if so, 
are the criteria for this diagnosis sufficiently established to justify this method 
of selection? 

Atropine derivatives are used for this method of diagnosis. From a phar- 
macological point of view, however, there is doubt that these preparations affect 
the so-called vasomotor reflex spasm of coronary vessels. Vagal fibers play 
an insignificant role in the transmission of cardiac pain. Even if this were 
not so, atropine derivatives could not block the afferent pathways of vagal 
distribution. To postulate an atropine effect for reflex blockade of the anginal 
syndrome, one must have a network of postganglionic parasympathetic fibers 
distributed to the smaller blood vessels of the heart. All evidence for man 
has been speculative and related to animal experimentation. Since atropine 
or its derivatives can act only by blocking acetylcholine liberated at the ter- 
minal endings of postganglionic fibers, one should seek further for an explana- 
tion of the clinical effectiveness of such products. Since the majority of 
patients benefited by these medications have their primary conditions in the 
abdomen, jt is more likely that the antispasmodic effects of atropine are re- 
sponsible for the results. Alleviation of the painful state at its source might 
prevent a reflex alteration of cardiac mechanisms unrelated to coronary cir- 
culation or might prevent the atypical distribution of pain that simulates the 
anginal syndrome. 

‘The association of gastrointestinal abnormalities is not unusual in patients 
with the anginal syndrome. Such conditions as flatulence, constipation, 
pylorus spasm, and biliary complaints play a dual role in the management of 
these patients. Not only can any abdominal condition act as a trigger mech- 
anism for increased stress of the heart, but also alleviation of the coronary- 
artery distress, although complete, may not be sufficient for total clinical 
control of the patient. Furthermore, the presence of abdominal conditions 
with fluctuating intensities of distress may influence the effectiveness of any 
drug under evaluation for coronary insufficiency. Even the most effective 
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therapy will be unsatisfactory during the period of accentuated abdominal 
symptoms. This aspect has been almost completely ignored and should be 
given consideration for any clinical evaluation of “coronary” medications. 

If we eliminate those patients with gastrointestinal disturbances from study 
and concentrate on only those with primary “coronary insufficiency,” we are 
again confronted with a problem. Should we also eliminate those patients 
with emotional disturbances and psychic overlays that interfere with the 
evaluation of therapy? Not to belabor the point, it is obvious that very 
rigid selection of subjects may remove conflicting variables, but at the expense 
of information not applicable to the average patient with angina pectoris. 
Therefore, the most important consideration, regardless of technique utilized 
for assessment of therapy, is that the sampling of subjects should be repre- 
sentative of the “typical” patient. Since the “typical” patient is a composite 
picture inclusive of all variables, any patient with a chest pain that satisfies 
the criteria for “‘coronary insufficiency” should be utilized for drug evaluation. 
These are the patients whom the practicing physicians must treat in office or 
clinic. Any study that does not duplicate the actual treatment of patients is, 
by the very nature of the study, limited in scope and conclusions. The in- 
vestigator should take cognizance of any variable that may be encountered 
during therapy. The final data should be presented not only as composite 
analyses but also in terms of these variables, so that a complete picture of 
what can be expected from the medication is available. 

The next consideration is: ‘““What are we evaluating?” Therapy is di- 
rected toward immediate alleviation of the pain, correction of underlying 
pathologic and physiologic mechanisms, and prevention of the painful state. 
These principles are the same for all diseases, particularly those with chronic 
aspects. The effectiveness of nitroglycerin for the relief of the acute anginal 
syndrome is unquestioned. The rapidity, safety, and predictability of re- 
sponse to nitroglycerin have not been equaled by other medications. The high 
incidence of response is also utilized as a diagnostic guide. This, however, 
may be misleading, since many extracardiac conditions, usually abdominal in 
origin, may respond in a similar fashion. Nevertheless, we are not concerned 
with the immediate treatment of the anginal syndrome. 

A discussion of the underlying pathologic and physiologic mechanisms may 
not be included in the scope of this monograph. For completeness, however, 
the problems related to atherosclerosis, lipotropic agents, anticoagulants, 
metabolic and nutritional factors, and enzyme systems are a few that should 
be listed. In man, the drugs classified as ‘‘coronary vasodilators” do not, 
except theoretically, affect in any way the underlying coronary-artery pathol- 
ogy or myocardial damage, so that the ultimate prognosis of the patient 1s 
unaltered. These drugs are therefore not advocated as curative or corrective 
measures, but merely as symptomatic therapy. 

The major problem is the evaluation of agents that may decrease the fre- 
quency and severity of the anginal attacks. In other words the problem is 
determination of the effectiveness and safety of unknown medications for 
chronic administration. Treatment is not for a day or a week. For the 
majority of patients it is for many months and, in some instances, for years. 
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Any method designed for the evaluation of a single dose does not aaa a 
requirements of clinical usage. The multiplicity of variables already lis- 
cussed must be taken into account. A medication such as triethanolamine 
trinitrate biphosphate (metamine) may require several days before an accu- 
mulative effect is apparent. Under conditions of an acute experiment this 
effective medication® would be rejected. Any therapeutic agent should be 
evaluated for effectiveness and safety in terms of a single dose, an occasional 
dose, and repeated doses for at least 3 weeks of continuous administration, 
Problems of untoward reactions—acute and cumulative—idiosyncrasies, 
development of tolerance, pharmacologic effects upon systems other than 
cardiac, can be answered only by such studies. A drug might be found by an 
acute experiment to be effective in alleviating the anginal syndrome but, if 
repeated use results in gastrointestinal irritation, high incidence of idiosyn- 
crasy, and rapid development of tolerance, then such a preparation is of limited 
value. ee 

It is an assumption based upon animal experimentation that drugs alleviating 
the anginal syndrome do so because of action upon the coronary vessels. There 
is, however, no evidence in man confirmatory of this. Changes noted with 
some medications upon the configuration of the electrocardiogram are not 
indicative of coronary flow. It is impossible, from the measurable electrical 
phenomena, to differentiate the effects due to coronary flow, metabolic changes 
upon muscle, alteration of polarization, or nonspecific effects unrelated to the 
clinical picture of the anginal syndrome. There is even question as to whether 
the alteration of the electrocardiogram with the most potent drug, nitroglyc- 
erin, is related to specific effects upon heart or coronary vessels. In some 
patients it is possible to prevent the electrocardiographic changes induced by 
nitroglycerin by application of elastic bandages to the lower extremities.’ 
Such an experiment suggests that noncardiac mechanisms may account for 
electrocardiographic changes. 

The fact that a drug is a vasodilator does not necessarily mean that this is 
the mode of action for the alleviation of the anginal syndrome. Theophylline 
derivatives and nitrates may have a common effect upon metabolic processes 
of heart muscle. The fact that triethanolamine trinitrate, an effective agent 
and vasodilator, requires several days to produce beneficial effects in the pa- 
tient suggests that metabolic processes might be the explanation. 

There is one fact that cannot be ignored. Pain is a subjective phenomenon 
that cannot be measured by any known objective procedure. Regardless of 
the etiology of the painful state, the same principles are applicable for every 
type of pain. Recognition of this explains the nonspecificity of response of 
patients with the anginal syndrome to analgesic agents. In my experience 
this includes aspirin and other salicylates, codeine, meperedine, and alcohol. 
The effectiveness of the latter agent need not be considered as a vasodilating 
drug, since it is a well-recognized analgesic. Drugs with specific effects upon 
the heart may have a higher incidence of effectiveness, but there is no doubt 
that the majority of patients will have a decreased frequency and severity of 
anginal attacks when under a constant regime of nonspecific analgesic drugs. 
This should not be construed to mean that these agents are recommended for 
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this condition. The observations are of importance to emphasize only that 
the subjectivity of the painful anginal syndrome should be considered as a 
part of the picture of pain in general. A recent review of the clinical aspects 
of evaluating analgesic drugs is applicable to the appraisal of drugs for the 
anginal syndrome. 

Only 2 aspects require further comment. Great emphasis has been placed 
upon the necessity of objective testing to avoid bias when subjective phenom- 
ena are investigated. I agree with this concept if objective methods offer 
data applicable to ultimate clinical usage. Unfortunately, to make a tech- 
nique objective, the variables that are often associated integrals of the clinical 
picture have been so limited that the advocated method is no longer comparable 
to conditions of clinical utilization. Bias is a catchall phrase to denounce 
studies that ignore these so-called “objective methods.” Fortunately, any 
study recommending a particular agent is subject to confirmation by many 
investigators. As stated by Lasagna,° “obviously, the most satisfactory situ- 
ation with regard to a drug is to have its performance tested carefully by a 
variety of independent observers in different clinics with different types of 
patients under different conditions. If such studies are in general agreement 
as to the drug’s efficacy, there is little room for doubt. On the other hand, a 
single negative or positive study, no matter how carefully performed, must 
always leave some questions unanswered.” 

It is not in the scope of this publication to discuss the shortcomings of the 
double-blindfold technique. Views on this subject have already been pre- 
sented.!° The responsiveness of patients to placebo therapy has been misin- 
terpreted to suggest the need for objective testing. Beecher" has collected 
studies with placebo therapy that give almost identical results of 35 per cent 
effectiveness regardless of investigator or type of subjective phenomenon stud- 
ied. A placebo reactor is an individual with an all-or-none response. In 
any series of patients a placebo nonreactor cannot be made to respond because 
of suggestibility or psychic pressure. It is, therefore, not surprising that all 
investigators obtain the same incidence of effectiveness to placebos. This 
fact is of considerable significance because, under the same conditions of study, 
an effective drug will alleviate the subjective symptom in the majority of 
patients. Once the incidences of effectiveness and untoward reactions are ob- 
tained for standard, accepted, effective, as well as placebo medication, the 
response to an unknown drug can be determined. A therapeutic effect of 
over 40 per cent is highly significant, since it is impossible to obtain this in- 
cidence with placebo therapy under the usual conditions of study. To avoid 
chance selection of an undue number of placebo reactors within a study, this 
incidence could be elevated to 60 per cent. This 20-per cent difference is 
merely an additional security for the effectiveness of the unknown medication, 
and it does not alter the principles involved. 

In this article I have emphasized the necessity for any study designed to 
evaluate new medications to adhere to conditions under which the medications 
will be eventually used by the general practitioner. Selection of patients 
should be at random, but never restrictive to a degree not comparable to 
clinical expectancy. Removal of variables and utilization of artificial experi- 
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mental procedures result in data with limited scope. The principles involved 
in the study of the effectiveness of agents for the anginal syndrome are the same 
as those encountered for any painful state or analgesic drug. Emphasis must 
be placed upon the necessity of studies of prolonged administration of therapy. 
Such factors as latency of drug action, tolerance, cumulative toxicity, and 
variables inherent in the clinical picture of anginal syndromes can thus be 


properly evaluated. 


10. 
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THE DESIGN OF PROPER EXPERIMENTS TO INVESTIGATE CLIN- 
ICAL ANGINA PECTORIS AND THE IMPORTANCE OF KNOW- 
ING THE DETERMINANTS OF CORONARY FLOW IN 
CONSIDERING THERAPY OF ANGINA PECTORIS* 


By Louis N. Katz 
Cardiovascular Department, Medical Research Institute, Michael Reese 
Hospital, Chicago, Ill. 


The alleviation of pain and the augmentation of blood flow through the 
myocardium are the 2 main directions in which research has developed in the 
field of angina pectoris. Both aspects are worthy of discussion. 


Angina Pectoris as a Pain Sensation" 


Pain alleviation, in this case pain arising in a visceral organ and referred to 
somatic regions, is an important area of management. Efforts to relieve an- 
ginal pain by drug and other therapy have been directed toward raising the 
threshold for pain perception and the attenuation of factors in the environment 
that result in stimulation of the pain end-organs. Since somatic and visceral 
areas in the same or adjacent body segments may have a “final common path- 
way” to the pain-perceiving sensorium in the cortex, it is possible to allay 
anginal attacks: (1) by drugs that block or reduce the number and rate of 
stimuli arising from these referred areas, as well as from the heart itself; or 
(2) by a surgical operation that cuts the afferent pathways between the heart 
and the sensorium. 

In our preoccupation with the role of the heart and coronary blood vessels 
in producing angina pectoris, the physiology and pharmacology of pain in 
general and referred visceral pain in particular are often overlooked. The 
perception of pain in the sensorium involves conditioning factors and is modi- 
fied by the affective state of the individual. Thus the emotional stability and 
background of a patient have great influence on the incidence and severity of 
anginal attacks, as do the tensions created by his environment. The attitude 
of the patient, his phobias and anxieties, and the influence of family, friends, 
and the physician have considerable conditioning effects. Ceremony and 
ritual, bedside manner, and placebo are important in the therapy of angina 


pectoris. 
Design of Clinical Tests’: *: >: 1% 18 


Studies on the pain-alleviating aspects of angina must ultimately be carried 
out on actual cases of angina pectoris and on visceral pain of other types, 
although a great deal of work can be accomplished on experimental animals. 
I am sure that an approach along these lines, carried out on a systematic plan 
and on a large scale, will repay the effort involved. The absence of a clear, 
sre This work was aided by grants from the Indiana Heart Foundation, Iealtnate National Heart Institut, 
National Institutes of Health, Public Health Service, Department of sr “a a ccaee Sie kare iia 


Md.; and by the Michael Reese Research Foundation, Chicago, Ill.; as well, ) enefactors. 
eine acknowledgment is made to Harold Feinberg for his assistance in the preparation of this manuscript. 
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objective method of evaluation of the presence and severity of pain is a diffi- 
cult but not insurmountable obstacle to success of this approach to the manage- 
ment of angina pectoris. j ‘ 

Obviously the first precaution in the design of clinical testing procedures is 
to be sure that the diagnosis is correct. There are many causes for chest pain 
not attributable to angina. A careful history and good clinical judgment are 
essential in arriving at the proper classification of patients. Two important 
though not infallible screening procedures are useful: the exercise test and nitro- 
glycerin. Characteristic electrocardiographic changes suggesting ischemia of 
the heart after a standardized exercise test may serve to confirm the diagnosis. 
False positives have been reported with this procedure, although these have 
not occurred in the experience of myself and of my colleagues. On the other 
hand, equivocal or no changes in the electrocardiogram after the exercise test 
have been seen by us in patients later shown to have anginal pain due to cor- 
onary disease. Prompt relief of anginal pain should follow nitroglycerin ad- 
ministration, however. Other types of chest pain might be alleviated also, 
although statistically this is uncommon. 

Sufficiently large groups of patients (up to 100 cases) should be assembled 
for assay procedures for the relief of anginal pain in order to assure a more 
statistically significant result. Long periods of study tend to balance out the 
spontaneous variation in the incidence and severity of pain—a notorious 
characteristic of angina. 

Perhaps the most vexing problems in designing the test procedure are the 
avoidance of bias and prejudice by the physician, and the susceptibility of the 
patient to suggestion. The placebo control should play a prominent part in 
meeting this problem. Placebo administration on the basis of a double-blind 
procedure to separate the patients responding to placebo therapy will often dis- 
tinguish an indifferent drug from an effective one. It is well to have each pa- 
tient tested on both placebo and drug. It is better to have the person dis- 
pensing the drug not aware of which patients are to receive placebo or drug. 
Even with placebo administration it must be emphasized that the element of 
ceremony and suggestion will alter the patient’s response. If the placebo- 
negative patients are used in the final assay, the beneficial effect of a drug, 
otherwise overlooked, may become apparent. 

Finally, the grouping of patients is an important phase in the design of the 
test. One must distinguish cases of severe and frequent anginal attacks from 
those with mild and infrequent attacks. If this is not done, percentage-re- 
duction data in anginal attacks will lead to false conclusions. For this purpose 
the nitroglycerin control is useful. Further, negative results with severe an- 
gina do not necessarily mean that the drug is ineffective in mild angina. If 
the patient is required to record the number of attacks, their severity, their 
time of occurrence, and the amount of nitroglycerin necessary to abate them, 
the information so obtained will provide a good basis of separation. A stand- 
ard exercise-tolerance test to determine the amount needed for inducing pain, 
or arterial occlusion of the arm with intermittent fist contraction to the point 
of producing pain, may serve as an objective test in setting up criteria for 
grouping of cases. 
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In the final evaluation of the experiments, criteria such as the extent of cor- 
onary dilatation and the electrocardiogram-exercise test are secondary to the 
effect of the drug on the angina itself. It needs to be emphasized repeatedly 
that we are not treating the electrocardiogram, nor are we aiming merely to 
dilate the coronaries. We are treating angina pectoris. The only way to 
determine the clinical usefulness of a drug is to design the test so that the 
criterion of benefit is relief of anginal pain and not the extent of coronary dilata- 
tion in an animal experiment or the decrease in the degree of abnormality of 
the electrocardiogram of the patient. 


Coronary Dilatation in Angina Pectoris 13-28 


The production of coronary dilatation has been the goal of much of the work 
to date in the treatment of the essential cause of angina pectoris. Is coronary 
dilatation valuable in alleviating angina pectoris? The answer, I think, de- 
pends upon the circumstances. Disappointing results following coronary 
dilatation may hinge on the manner in which augmented blood flow is pro- 
duced. Three such circumstances may be cited. 

(1) Drugs or procedures that dilate the coronaries may also dilate other 
systemic blood vessels even more than the coronaries. Thus nonselective 
vasodilatation followed by a drop in systemic blood pressure may result in a 
state in which the coronary flow (or its share of the cardiac output) declines 
even though the coronary vessels do dilate, with the consequence that myo- 
cardial ischemia is not relieved. 

(2) Angina pectoris is a manifestation of coronary insufficiency.*4?° The 
term coronary insufficiency, as we employ it, is a physiological dynamic con- 
cept. The degree of coronary insufficiency is determined, on the one hand, 
by the need of coronary flow to meet the metabolic demands of energy expend- 
iture and, on the other hand, by the actual coronary flow. From this it is 
obvious that any procedure that augments coronary flow and, at the same time, 
causes a greater augmentation of the metabolic demand of the myocardium, 
will be detrimental rather than beneficial. This is true, for example, of or- 
dinary mixed epinephrine, which is a well-established coronary dilator—one 
that, however, when administered to patients susceptible to angina, may pro- 
voke an attack.! Epinephrine has this effect because, by increasing cardiac 
metabolism, it increases the need for coronary flow more than it actually in- 
creases the coronary blood flow in cases with coronary disease. This is one of 
the real dilemmas in transferring drugs that act as coronary dilators in ani- 
mals to clinical use in the alleviation of angina pectoris. 

(3) Still another circumstance that may frustrate the effect of dilatation 
therapy is the site of narrowing of the coronary system. If the peripheral 
coronary bed in the region of ischemia is narrowed and anatomically fixed, 
the potential compensatory action of dilator drugs cannot be realized. This 
consideration applies equally to a more central vessel in the coronary system. 
Atherosclerosis, which has a predilection for the larger coronary arteries, may 
produce marked central-vessel narrowing and thereby alter the total resistance 
of the vascular system. The resistance to flow is dependent upon the central- 
major coronary branch as well as upon its peripheral ramifications. In the 
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absence of marked central constriction, flow changes are a manifestation of 
caliber alterations in the smaller vessels. If marked central vascular narrow- 
ing occurs, however, increased resistance so created may far outweigh the 
dilatation produced in the peripheral bed. Protection against this circum- 
stance is afforded by the development of the collateral blood supply. This 
develops especially well when the narrowing occurs slowly or when it occurs in 
older persons. Dilatation of such a developed or an existing collateral supply 
to an ischemic area may provide the basis for a satisfactory response to coronary 
dilator therapy. 

Inferential evidence for the importance of central narrowing was found in 
our study of Buerger’s disease.2* It was shown that mild forms of Buerger’s 
disease produced no alteration in the reactive hyperemia following venous 
occlusion while, in more advanced forms of the disease, reactive hyperemia was 
lessened. It may disappear in severe cases. Certain of the Buerger’s disease 
patients were found to have a paradoxical response, that is, a decrease of blood 
flow following release of venous occlusion rather than the expected increase. 
This may be on the basis of “‘vasospasm” in the peripheral blood vessels of the 
affected limb. If this condition has a parallel in the diseased coronary bed, 
excellent results should be expected after administration of vasodilators.’ 


Recent Observations on the Regulation of Coronary Flow: *8-* 


It is obvious, then, that a clear insight into the effects of dilators on coronary 
vessels will follow only after a fundamental understanding of the physiology 
determining the caliber of coronary vasculature is achieved. Our interest in 
this subject, of many years standing,'*: **" has recently been renewed by the 
development of a new method* for evaluating the factors determining coronary 
flow.* 

This method is shown diagrammatically in FIGURE 1. The preparation per- 
mits the metering of 95 per cent of the coronary flow in an animal with intact 
neurohumoral mechanisms (only the left-heart drainage, which constitutes 
about 5 per cent of the flow, is omitted). Systemic and pulmonary arterial 
pressures and cardiac output are easily controlled. The latter is set by the 
pump delivering the blood from the reservoir to the lungs. Such preparations 
can be kept running in a steady state for hours. 

Data obtainable on this preparation include the useful work of the left heart 
(cardiac output of the left ventricle X aortic pressure) and of the right heart 
(coronary flow X pulmonary artery pressure), the availability of oxygen and 
other metabolites, as well as the utilization of these substances by the heart. 
In this manner factors that control the oxygen utilization of the heart and fac- 
tors that control coronary flow have been analyzed and related to the useful 
work done by the heart. The intact neurohumoral system present in this 


preparation permits a closer approach to the normal intact animal in the inter- 
pretation of results. 


* This method was developed in the Cardiovasc lar D i S 
Graham, and F. Williams. I have been assist ais theses meee te ue a ah te 
rent, A. Katz, F. Williams, E. Boyd, and’ C, Boleesanece as Bee aide ee ee ae oete 
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— TO VACUUM 


FiGurE 1. Diagram of the method used recently for the study of coronary flow and myocardial oxygen con- 
sumption (figure 1 of Alella et a/.2°). The blood reservoir that receives vena-cava blood is kept at body tempera- 
ture, and the blood in it is pumped through a flowmeter to be aerated by the lungs. The azygos vein is tied. The 
right ventricle, deprived of vena-cava and azygos inflow, pumps out only coronary sinus, accessory coronary ve- 
nous, and right ventricular thebesian drainage through a Starling resistance and a flowmeter to the reser- 
voir. R.P.A. and L.P.A. are right and left pulmonary arteries respectively; R.P.V. and L.P.V. are right and left 


pulmonary veins; R.A. and L.A. are right and left atria; R.V. and L.V. are right and left ventricles; M.P.A. is 
the main pulmonary artery; C.A. are coronary arteries; C.S. is the coronary sinus; and T is a thebesian drain- 


age channel. 
What is Useful Work?" 


Before considering the data and their significance, certain concepts need to 
be presented if we are to understand the full implications of these results. 
The term “useful work,” introduced above, forms the basis of our calculation 
of efficiency and other variables. This concept of useful work is also impor- 
tant in the understanding of classical concepts relating end-diastolic volume 
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The pressure-volume interrelationship of the fully relaxed (lower right curve) and the fully con- 
tracted (upper left curve) left ventricle of man (figure 12 of a previous publications). The ordinate represents 
the pressure in mm. Hg, and the abscissa represents the left ventricular volume in cubic centimeters. Ifa point 
on the abscissa is taken to represent end-diastolic volume, then the end-diastolic pressure can be found on the 
ordinate. The same procedure can be followed in determining systolic pressure for various systolic volumes. 


As end-diastolic volume increases, end-diastolic pressure rises more and more steeply (this relationship has been 
worked out on skeletal muscle and has been found to apply to the hearts of frogsand turtles). As the systolic 
volume rises, the systolic pressure 


I rises steeply until a maximum value is reached, after which the systolic 
pressure falls off with further increases in systolic volume 


Between the 2 


> 


FIGURE 2. 


curves representing pressure-volume relationships, 
drawn, represented by the enclosed figures shaded with diagonal, 
ing the diagonal lines is considered the control 
diagram enclosing the horizontal lines shows conc 
elevating the systemic arterial pressure 


3 compression cycles (work diagrams) are 
horizontal, and vertical lines. The areacontain 

work diagram for the purpose of this presentation. The work 
litions when the work of the ventricle is increased primarily by 
During systole a large change in pressure occurs, and the ventricle emp- 
ties less ¢ ompletely than before. The work diagram enc losing the vertical lines shows conditions when the work 
is increased primarily by augmenting the cardiac output. During systole a small change in pressure occurs, al- 
though the ventricle empties itself almost « ompletely. In each of these 3 instances the work done by the ventricle 
during its systole is shown by the upper curve bounding the shaded areas starting from the diastolic P/V 
curve on the right and ending on the systolic P/V curve on the left Work done upon the heart during its diastole 
by passive filling is shown by the lower curve bounding the shaded areas starting at the systolic P/V curve on the 
left and ending on the diastolic P/V curve on the right. The shaded area in each case therefore represents the 
excess of work done by the heart as a compression-pump system over that done upon it. 
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to the performance of the heart. Therefore it is necessary that we explore this 
term. Useful work has been defined as the sum of the product of each incre- 
ment of the cardiac output in the systemic and pulmonary circuits multiplied 
by the increase in blood pressure imparted to that increment by the left and 
right ventricles. Like other investigators, we have used the simple expression 
PV, that is, the cardiac output multiplied by the sum of the mean pressure in 
the left and right ventricles during the ejection phase, the product being ex- 
pressed in kilogram-meters per unit time. This formulation neglects the 
kinetic energy received by the blood in leaving the heart. We have found this 
latter quantity to be negligible and have omitted it in our calculations. 

An instance of deviation from the formulation of useful work as PV follows 
from a consideration of FIGURE 2. As shown in this figure, useful work cal- 
culated as the difference between the work done upon the heart during its 
filling and that done by the heart as a compression pump during its emptying 
is considerably different from useful work calculated as PV. It is also apparent 
from FIGURE 2 that the work depends on whether the heart augments chiefly 
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pressure work and volume work of the heart to end-diastolic L ; 
2) the difference between the theoretical relationship of cardiac oxygen consumption to end-diastolic volume and 


1) the difference between the relationship of 
volume found by us and others; and 


the occasional actual relationship found by us and others (figure 5 of a previous publications) 


pressure or chiefly output. This difference in the type of increase in cardiac 


work became apparent in the course of our studies relating myocardial oxygen 
consumption, coronary flow, and useful work. 


Determinants of the Heart’s Performance® 


Presented in FIGURES 3 and 4 is still another point worth exploring relative 
to our data and to the classical concepts of cardiac dynamics. End-diastolic 
volume has been considered to be the principal determinant in the performance 
of the heart (FIGURE 3). It is quite obvious that end-diastolic volume cannot 
simultaneously determine oxygen consumption and useful work unless useful 
work and oxygen consumption are fixed for each end-diastolic volume, which 
is unlikely. If end-diastolic volume determines cardiac output it cannot 
equally determine useful work, because blood pressure used in the calculation 
of work is variable. Actually we have found deviations from all the supposed 
rules in all of these variables, as is shown in FIGURE 4, Thus while an increase 
in cardiac-oxygen consumption theoretically occurs with an increase in end- 
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diastolic volume, we have found in our recent studies that, on occasion, the 
cardiac oxygen consumption declines even though the end-diastolic volume 
goes up (see below). Furthermore, one curve relates end-diastolic volume to 
useful work in a heart that has an increase in its inflow while another curve 
relates this volume to useful work in a heart that, instead, has an increase in 
the resistance against which it works. This is also depicted in FIGURE 4. 


Relation of Coronary Flow to Cardiac Oxygen Consumption®s-*° 


So far we have been concerned with the relationship of useful work to out- 
put work and pressure work, and to end-diastolic volume. In our experiments 
cardiac output and blood pressure could be controlled. Thus it was possible 
to explore the relationship between aortic pressure and cardiac oxygen con- 
sumption (and between cardiac output and cardiac oxygen consumption). 
FIGURE 5 is a plot showing the relationship of the former two. The large 
scatter of points indicates that the relationship is loose. This is true also when 
cardiac oxygen consumption is plotted against cardiac output, as well as when 
coronary flow is plotted against blood pressure and cardiac output. When 
the coronary flows of these same experiments were matched against the oxy- 
gens used by the myocardium, however, a much better correlation was obtained. 
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FicureE 5. Relationship between myocardial oxygen consumption and mean aortic pressure (figure 2 of Alella 
et al.29), 
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FicureE 6, Logarithmic relationship between myocardial oxygen consumption and coronary flow (figure 4 of 
Alella et al.29). Solid line is the regression line expressed by the equation. Dotted lines represent the standard 
error of estimate (+Syx). 


This is shown in FIGURE 6. It would appear therefore that coronary flow is 
related to blood pressure primarily by virtue of the effect of the latter on the 
metabolism (oxygen consumption) of the heart, rather than on a direct me- 
chanical effect. This is also the way cardiac output is related to coronary 
flow. 

The purely mechanical (nonmetabolic) effect of aortic pressure on coronary 
flow has been calculated to be about 5 per cent of its total effect. The rest 
depends upon the increased myocardial oxygen consumption following increased 
pressure. This suggests that extravascular forces created by the left ventricle 
around the coronary vessels change almost pari passu with the alterations of 
aortic pressure. In this way the effect of the driving force determining cor- 
onary inflow is practically neutralized by an almost equal effect of extravascular 
forces around the coronary blood vessels. 

When the data relating coronary flow, aortic pressure, and myocardial oxy- 
gen consumption are constructed into a nomogram as in FIGURE 7, it is possible 
to predict the value of coronary flow or the value of myocardial oxygen con- 
sumption regardless of the level of the mean aortic pressure or cardiac output. 
The usefulness of such a representation is that it can predict values of coronary 
blood flow for any given value of oxygen consumption between the range of 
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FicurE 7. Nomogram relating cardiac oxygen consumption, coronary flow, and mean aortic pressure (figure 5 
from Alella ef al.2%). The curve lines connecting coronary flow and oxygen consumption (both in cc./min./ 
100 gm, heart weight) relate these 2 variables at different levels of coronary flow. Two lines rising sharply within 
intersecting curve lines represent actual experimental observations. 


6 to 25 cc. per minute per 100 gm. of heart weight. ‘The striking fact emerges 
that the adjustment of coronary flow is such as to keep the coronary A-V oxy- 
gen difference, as well as the coronary venous-oxygen content, constant over 
the normal range of cardiac activity. Actually it was found that the relation- 
ship of cardiac oxygen consumption to coronary flow predicted from the nomo- 
gram holds for most data given in the literature. ‘his is true regardless of 
the type of experimental preparations used and regardless of the way the level 
of the cardiac oxygen consumption was brought about, with a few notable 
exceptions that will be mentioned below. 

Thus it appears that the mechanism of coronary vasodilatation is related to 
changes in tension of oxygen in the myocardium. In the heart supplied with 
normal arterial-oxygen content, coronary flow then is dependent upon changes 
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in the level of oxidative metabolism of the heart. Whether this reflects oxygen 
need or the maintenance of a level of intermediate substances encountered in 
oxidative metabolism is unknown. Furthermore, whether this action affects 
smooth muscle directly, the vasomotor nerve endings, nerve ganglia, or sensory 
end-organs of the heart, is also unknown. A reflex would be involved in the 
last case, either an axon reflex or one passing over the central nervous system. 
Such reflexes may bring about local or distant hormonal release. Perhaps a 
more complex neurohumoral mechanism is involved. 


Effect of Heart Work and Heart Rate upon Cardiac Oxygen Consumption 
and Coronary Flow*® 


One of the important variables that cause deviations of cardiac oxygen con- 
sumption and coronary flow for a given work level is the heart rate. This we 
have studied extensively by the use of a stimulator applied to the atria, usually 
close to the sinus node. Under these circumstances it was found that, with 
fixed work levels, the cardiac oxygen consumption increased as the heart rate 
changed from 75 to 300 beats per minute. Accompanying this increase in 
oxygen consumption was a parallel increase in coronary flow. This is shown 
clearly for a typical experiment in FIGURE 8. The interrelationship between 
heart work, heart rate, and cardiac oxygen consumption can be constructed 
into nomograms as in FIGURES 9 and 10. 

It is noteworthy that during changes in heart rate from 75 to 330 beats per 
minute and in heart work in these most recent experiments (with the systemic 
arterial blood pressure ranging from 30 to 110 mm. Hg and the left ventricular 
output from 800 to 1600 cc. per minute) it was found that the relationship of 
coronary flow to cardiac oxygen consumption previously described by us still 
held. Furthermore, the coronary A-V oxygen difference remained constant, 
as did the coronary venous oxygen content. From the data so far presented 
from our recent work it is quite obvious that coronary flow adjusts itself pri- 
marily to the oxygen consumption of the heart. This raises the question of 
whether any of the so-called coronary dilators cause a deviation of coronary 
flow from this relationship to cardiac oxygen consumption. The answer to 
this question has not yet been obtained. 


The Stress-adapting Mechanisms: °° 


Further work with this preparation shows 2 circumstances under which the 
described relationship between coronary flow and oxygen consumption deviated 
sharply. The first, a significant feature of which is an augmented coronary 
flow, occurred under conditions of increased stress. The heart under these 
circumstances shows a “stress-adapting mechanism” that our more recent work 
suggests may be related to the catecholamines.*2 A typical experience is 
shown in FIGURE 11, Here it can be seen that before the ‘spontaneous change,” 
and at a lower work level, the cardiac oxygen consumption and the coronary 
flow increased with heart rate as depicted by the solid lines. After the stress- 
ful situation ensued as the work level was increased there was still an increase 
in cardiac oxygen consumption and coronary flow with increase in heart rate 
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(dotted lines) just as before, but then the cardiac oxygen consumption was less 
at each heart rate than before, even though the work was greater. The coro- 
nary flow, on the other hand, was greater at each heart rate than before the 
; coronary flow 
spontaneous change. Obviously the ratio oe ‘ 

i cardiac oxygen consumption 
been changed—as if the gears had been shifted. In some experiments this 
“spontaneous change” lasted for more than 1 hour and 50 minutes and, in 
many experiments, it was found to be reversible. It is therefore not simply 
an oxygen-debt mechanism, but indicates a change in the behavior of the heart. 
During the operation of this “‘stress-adapting mechanism,” which we called 
“spontaneous change’? when we first encountered it,?> the cardiac oxygen 
consumption falls for a given work level and a given heart rate, and the coro- 
nary flow, on the contrary, increases (FIGURE 12). This leads to a new rela- 
tionship between oxygen consumption and coronary flow. It leads to a de- 
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Ficure 8. A graph showing the relationships between coronary flow and heart rate (upper eee and be- 
tween total cardiac oxygen consumption and heart rate (lower curve). (Figure 1 from Laurent e¢ a/.5°) 


518 Annals New York Academy of Sciences 


./100 G. HEART WEIGHT 
CC./MIN./100 G. HEART WEIGHT KG./HR./100 G ae 

i 120 

100 
80 

25 ms 
5 2B 
: 40 
o 
3 
2 20} x 
5 [o} 
e 20 = 
3 
ot 
< 
— 
cS 
Ke ii 

10 


——E————— — ——— 


75 100 150 200 250 300 
RATE (BEATS/MIN.) 


FicurE 9. Nomogram of cardiac isowork lines relating myocardial oxygen consumption to heart rate (figure 2 
from Laurent ef al.8?), The heavy line represents experimental points observed with work level of 50 kg./hr./100 
gm. heart weight. 


crease in the coronary A-V oxygen difference below that ordinarily seen, and it 
indicates an arterialization of the coronary venous blood draining the heart 
(FIGURE 12). The heart appears to become more efficient in the utilization of 
oxygen. 

Thus it would appear that, as the oxygen consumption of the heart ap- 
proaches the maximum, a shift in the mechanism of the performance of the 
heart occurs whereby the heart requires less oxygen to do the same work at the 
same heart rate. The heart can do more work and at a faster rate and still 
utilize less oxygen than it used before its gears shifted. The heart, by having 
its gears shifted, as it were, can make better use of its oxygen, requiring less to 
meet the threat of this extra stress. At the same time, the shift in gears leads 
to an increased coronary flow and permits more oxygen and other blood sub- 
strates to become available to it. This stress-adapting mechanism is thus an 
excellent means by which the heart can quickly adjust to sudden and excessive 
stresses. 

The second circumstance under which the described relationships between 
coronary flow and oxygen consumption deviated sharply was hypoxemia. 
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100 gm. heart weight (figure 3 from Laurent ef al.#°). The observed cardiac oxygen consumption values of 2 ex- 
periments have been plotted. 


Hypoxemia*: *8 


So far in our work we have encountered what seem to be 3 ranges in varia- 
bility of coronary flow. ‘The first is seen with an ordinary work and rate limit, 
and is depicted along with corresponding levels of oxygen consumption and 
oxygen levels of arterial and venous blood in FIGURE 7. As the upper limits 
of normal variation are approached, coronary flow seems to approach a maxi- 
mum. If the stress-adapting mechanism intervenes, coronary flow varies 
within much higher limits, and greater efficiency of oxygen utilization is shown 
(FIGURE 12). 

Still another range of variability of coronary flow is encountered when ar- 
terial oxygen is decreased. This is shown in FIGURES 13 and 14, In FIGURE 
13 it can be seen that the oxygen consumption of the heart declines as the ar- 
terial oxygen content falls. In F1cuRre 14 a similar relationship is revealed as 
far as the efficiency of the heart (the ratio of useful work done to oxygen con- 
sumed by the heart) is concerned. This is particularly striking at the highest 
work level (upper diagram). With hypoxemia, as with the stress-adapting 
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FicureE 15. Theoretical diagrammatic presentation of the changes in cardiac oxygen consumption, coro- 
nary flow, coronary A-V oxygen difference, and coronary venous oxygen content as arterial oxygen con- 
tent (abscissa) shifts from 20 volumes per cent down to 0. The work level is maintained constant, at the 
level set, until the available oxygen (coronary flow X arterial oxygen) falls below a critical level. The 
work then declines progressively in an accelerating fashion as the arterial oxygen continues to fall. Sym- 
bols as in FIGURE 14. 


changes from that seen when there is no arterial hypoxemia. The mechanism 
of the decrease in the resistance in the coronary bed in hypoxemia has not 
been thoroughly worked out. 

Hypoxemia reveals that the heart is a “facultative anaerobic organ.” The 
mechanism of this reduction in oxygen consumption of the heart (and that 
in the stress-adapting mechanism) is not clear. It may be that the heart uses 
less oxygen for the maintenance of its structure. Under a heavy drain on its 
oxygen supply, the heart may alter its utilization of oxygen for the chemical 
reactions associated with its beating, or it may, parasitically, extract more of 
its needed substrates from the blood. 

It is possible to depict schematically what might happen as the heart is 
subjected to sudden extreme stress (FIGURE 12) and hypoxemia (FIGURE 15). 
Further studies of these ranges of coronary flow and cardiac oxygen consump- 
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tion and their point of transition may reveal significant details of metabolic 
sequences in the myocardium. 


Significance of the Foregoing Discussion to Angina Pectoris 


The purpose of this discussion of our recent studies is to show that coronary 
flow cannot be dealt with in the abstract, that is, without regard to cardiac 
oxygen consumption, the state of stress on the heart, the arterial oxygen sup- 
ply, the availability of the substrates, and other factors. Coronary flow must 
always be correlated with the oxygen consumption of the heart and the latter 
with the work and heart-rate levels, as well as with the kind of work being 
performed. In addition, it is quite obvious that, under stressful circumstances 
and under hypoxemia, deviations in the cardiac oxygen consumption and 
coronary flow occur, so that the former decreases while the latter, at the same 
time, increases. Under these circumstances how can we, in applying the data 
of coronary dilators to man, determine those dilators that operate primarily 
on coronary flow independently of the rate of myocardial oxygen consumption, 
the state of arterial hypoxemia, and the stress-adapting mechanisms, and how 
can we distinguish them from those that are secondary to these changes? 
This question explains our interest in the concept of clinical coronary insufh- 
ciency. As more knowledge is obtained about the mechanisms of coronary- 
flow adjustments in the preparation that we are using, which permits interac- 
tions approaching those of the intact animal, more insight will be obtained 
into the method of approaching and treating coronary insufficiency. 


Treatment of the Underlying Cause of Angina Pectoris—A therosclerosis**-*° 


While all the foregoing discussion has dealt with ways of improving palliative 
therapy, not any of it has reached the basic and primary cause of angina — 
atherosclerosis. 

The ultimate aim of modern medicine is to get at the underlying disease 
that brings on angina pectoris. This has not been solved, but progress has 
been evident and is accelerating. At the moment one can say that neither 
the soy sterols nor the lipotropic factors have been proved to have any clinical 
value in atherosclerosis. Our only hope clinically for the moment appears to 
lie in: (1) the use of a balanced, adequate, but relatively low calorie diet with 
limited fat intake, one in which about 20 to 25 per cent of the calories comes from 
fat, preferably fats from vegetable sources; (2) the use of anticoagulants, either 
the heparins or the coumarins; and (3) the use of female sex hormones—estro- 
gens. All 3 of these approaches are still clinical experiments. None has yet 
been proved to be clinically effective, and none is yet intended for ordinary use 
by the practicing physician. These 3 methods are the subject of intensive 
Investigation, and it is hoped that, in the not too distant future, perhaps in the 
next few years, the data will be clear enough to rule these methods out as ways 
of attacking atherosclerosis. In the meantime we must have recourse to other 
procedures, because angina pectoris is sometimes very uncomfortable, and 
most of us should prefer to avoid it. Drug therapy and surgical procedures 


must continue to be evaluated as palliative measures for the alleviation and 
lessening of this pain. 
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Summary 


A recent re-evaluation of the determinants of coronary flow with a prepara- 
tion that permits the interaction of mechanical, neurogenic, and humoral fac- 
tors to operate in a manner approaching that in the intact animal revealed that 
coronary flow is related principally to the oxygen consumption of the heart. 
Mechanical factors such as systemic blood pressure and extravascular forces 
ordinarily play a minor role, except in so far as they modify the oxygen con- 
sumption of the heart. This adjustment of coronary flow to cardiac oxygen 
consumption is such as to keep the coronary venous-oxygen content constant. 
When the work of the heart (or the heart rate, or both) becomes excessive, 
however, a “spontaneous change” occurs that may persist when the stress 
state is maintained for as long as 1 hour or more. This change consists of a 
decrease in cardiac oxygen consumption for a given level of cardiac work and 
heart rate, and a simultaneous increase in coronary flow. The ratio between 
cardiac oxygen consumption and coronary flow shifts, and the coronary venous 
blood becomes arterialized. This ‘‘spontaneous change” suggests an adaptive 
mechanism to stress. When arterial hypoxemia supervenes, further increases 
in coronary flow occur, and the oxygen content of coronary venous blood be- 
comes progressively less, apparently in an attempt to meet the oxygen needs 
of the heart. Ultimately this fails, and the heart work begins to decline. 

The neurohumoral mechanisms involved in these adjustments have not been 
worked out completely. There is some suggestion that the catecholamines 
play a role in some of them. 

These facts must be borne in mind in an attempt to evaluate drug therapy 
in clinical angina pectoris. The assay of electrocardiographic changes or the 
demonstration of a coronary-flow increase is not enough per se. The drug 
should be tested, in well-controlled double-blind experiments with the use of a 
placebo, on the occurrence of angina pectoris in a patient. Angina pectoris is 
a subjective phenomenon, and suggestion and ceremony play large roles in 
clinical therapy. These elements must be evaluated and discounted. In any 
study, each patient in the series should be subjected at different times to both 
the drug and the placebo. In evaluating drug action, placebo-reactive patients 
must be separated from placebo-nonreactive patients. The observer making 
the evaluation of drug and placebo effectiveness must be different from the one 
treating the patient and dispensing the medication. Only in this way can we 
hope to avoid the traps into which too many of us have fallen in the past. 
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NEUROHORMONAL FACTORS IN THE ORIGIN 
AND TREATMENT OF ANGINA PECTORIS 


By W. Raab 
University of Vermont College of Medicine, Burlington, Vi. 


The well-known frequent coexistence of coronary sclerosis and angina pectoris 
accounts for the traditional concept that a primary “‘coronary insufficiency” 
constitutes the sole cause of the anginal syndrome. Since coronary sclerosis 
as a static condition cannot explain the acute symptoms by itself and since 
physical exercise is one of the most common precipitating factors, it was taken 
for granted that the additional oxygen requirement of augmented cardiac work 
is the factor that, by exhausting the “‘coronary reserve” of a narrowed coronary 
bed, gives rise to painful acute states of myocardial hypoxia. This reasoning, 
although superficially logical, disregards by its exclusiveness some major in- 
consistencies, namely: (1) that anginal symptoms can occur in the absence of 
coronary sclerosis; (2) that these symptoms frequently occur in the absence of 
any demonstrable augmentation of cardiac work (Raab,’ Altschule,* Riseman’) ; 
and (3) that the extra oxygen requirement that corresponds to the amount of 
oxidative energy converted into the increase of myocardial work is actually 
small compared with the amounts of oxygen wasted under the influence of 
sympathetic stimuli. This form of oxygen waste is the result of a discharge of 
norepinephrine into the heart muscle from the sympathetic-nerve endings 
and/or discharge of epinephrine from the adrenal medulla into the blood. 
Both of these catecholamines are eagerly absorbed and stored by the myo- 
cardium (Raab and Gigee*), as shown in FIGURE 1. These compounds enter 
the heart muscle in exaggerated amounts under typically angina-producing 
conditions, such as physical exercise, exposure to cold temperatures, emotional 
excitement and others, causing a wasteful consumption of oxygen by the heart 
muscle far beyond the requirements of increased cardiac work (Evans,° Goll- 
witzer-Meier and Kroetz,® Garcia Ramos and de Arellano’, Gremels,’ Eckstein 
ef al.*), sometimes even without any such increase (Gremels,$ Eckstein et an), 
Most of the wasted oxidative energy is probably dissipated as heat. Obviously, 
failure of the sclerotic coronary vessels to dilate under sympathetic influence, 
as normal coronary vessels would, is bound to aggravate the discrepancy be- 
tween the supply and extraction of coronary oxygen, and thus will promote 
hypoxia, especially of those myocardial cells that are the last in the row along 
each capillary to make contact with the rapidly deoxygenated passing eryth- 
rocytes (FIGURE 2). Accumulation of unoxidized metabolites, notably lactic 
acid, in the heart muscle is believed to constitute the ultimate pain-producing 
element. This accumulation occurs in some areas of the myocardium even 
under the influence of small amounts of epinephrine that increase both the 
over-all coronary flow and the anaerobic production of lactate (10). 

The thyroid hormone plays a significant subsidiary role through its markedly 
intensifying effect upon the oxygen-wasting cardiac toxicity of the catechol- 
amines (McDonald ef al.,"' Peltola, Brewster ef al.’ Raab!) 
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CONTROLS 


STIMULATION OF ee) 


SYMPATHETIC NERVES 
NOREPINEPHRINE 


I. P. 10 mg./kg. 


EPINEPHRINE 
10 mg./kg. 


EPINEPHRINE 
l, P. 3.8 mg./kg. 
PLUS 
NOREPINEPHRINE 
I. P. 7.5 mg./kg. 


content of the dog’s heart muscle. Electrical 
phrine. Injected norepinephrine and epinephrine 


FIGURE 1. Norepinephrine (white) and epinephrine (black 
stimulation of the cardiac nerves increases myox ti al norepiney 
are avidly absorbed by the myocardium.‘ 


Since parasympathetic cholinergic activity, in opposition to adrenergic oxy- 
gen wastage, tends to preserve myocardial oxygen (Gollwitzer-Meier and 
Kroetz,® Gremels’), it is conceivable that a lag of cholinergic metabolic counter- 
action against the effects of an acute catecholamine influx into the heart muscle 
may serve as an additional aggravating factor. 

The concept of angina pectoris as the result of catecholamine-induced meta- 
bolic hypoxia of the heart muscle whose blood supply is, in most instances, 
compromised by coronary sclerosis (FIGURE 3) suggests the following types of 
rational prophylactic and therapeutic intervention: (1) reduction of catec hol- 
amine influx into the heart: (a) general sedation, avoidance of unnecessary 
exertion, strong emotions, and cold exposure, (b) severance of catecholamine- 
discharging cardiac sympathetic fibers and cervicothoracic ganglionectomy, 
(c) ganglionic blocking agents, and (d) roentgen irradiation of adrenals (me- 
dulla): (2) inactivation of cardiac catecholamines by way of primary thyroid 


inactivation (thiourea compounds, radioiodine, thyroidectomy); (3) choliner- 
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Myocardial hypoxia due to catecholamine action and coronary sclerosis 
bolize myocardial cells lining a coronary capillary, 


of red cells and myocardial cells, respectively 
are hypoxic or anoxic. 


FIGURE 2. The rectangles sym- 
the blood flowing from left to right. The degree of darkness 
, symbolizes their available oxygen content, and the white cells 


(A) At rest, the myocardial cells obtain an adequate amount of oxygen from the passing erythrocytes. 


(B) Under sympathetic stimulation (that is, local discharge of norepinephrine) or epinephrine influx from 
the blood, the oxygen uptake per cell is greatly increased regardless of work performed, 


and the erythrocytes 
become, accordingly, 


more depleted of oxygen but ordinarily not to exhaustion of the coronary oxygen reserve, 
because simultaneous coronary dilation provides a larger number of oxygen-carrying erythrocytes per cell and 
time unit. 


(C) In case of coronary sclerosis, the latter compensatory mechanism fails to go into effect, fewer erythrocytes 
enter the capillary, and the coronary oxygen reserve may become completely exhausted before the last cell in 
the row has been reached. Result: hypoxia and, in extreme conditions, anoxic necrosis of the affected cells.2 


gic counteraction against catecholamine activity (carotid sinus pressure); (4) 
coronary dilatation (nitrites, Khellin); and (5) 
the myocardium. 


“Sympatholytic” drugs (dibenamine and phentolamine methanesulfonate) 
proved clinically disappointing. It was also found that they fail completely 
to inactivate or to reduce quantitatively the 
heart-muscle tissue (Raab and Gigee*), 


surgical revascularization of 


catecholamines present in the 


It is unlikely that the pain-relieving effect of the nitrites rests solely in their 
ability to dilate the coronary vessels, particularly if they are sclerotic and more 
or less undilatable. There exists some evidence (heart rate and electrocardio- 
gram) that the nitrites also act directly upon the myocardium by antagonizing 
the catecholamine effects in a hitherto unexplained manner (Raab and 
Lepeschkin"’), 


All antithyroid treatments are beset by the disadvantage of eliciting a po- 
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FIGURE 3. Schematic representation of the pain-producing metabolic mechanism of angina pectoris. 

Shaded areas = magnitude of coronary vascular bed. 

White areas = magnitude of myocardial oxygen consumption, adequately matched by coronary oxygen supply 
(coronary reserve sufficient). 

Black areas = magnitude of myocardial oxygen consumption, inadequately matched by coronary oxygen sup- 
ply (coronary reserve insufficient). 

Circles = coronary caliber. 

= no oxygen debt. 

B = Despite catecholamine-induced augmentation of oxygen consumption, no oxygen debt, because of suffi- 
cient coronary dilation. 

C = Coronary stenosis at rest causes a minor, not painful degree of oxygen debt, or none at all. 

D = Influx of catecholamines augments oxygen consumption regardless of cardiac work, but without ade- 
quate coronary dilation. Marked acute hypoxia and pain. 

E = Long-range treatment (sympathectomy, X-irradiation of adrenals, and antithyroid therapy) reduces or 
inactivates hypoxiating catecholamines, thus depressing painful oxygen wastage below pain threshold unless 
coronary sclerosis is too far advanced.*! 


tentially harmful hypercholesterolemia. Among the nonsurgical forms of 
long-range therapy, Roentgen irradiation of the adrenals proved, in the ex- 
perience of the writer and of other workers, chiefly in Europe (Schittenhelm," 
Hadorn,” Griineis,'* Lippross,!? McMillan and Rousseau”’), the most lastingly 
beneficial in nearly 500 recorded cases. 

There is still, however, much room left for improvement of therapeutic 
efficacy. In the light of present-day knowledge concerning the neurohormonal 
factors involved in angina pectoris, promising possibilities of a medicinal pre- 
vention of painful myocardial hypoxia will probably develop from attempts to 
find drugs that (1) effectively and selectively inactivate the cardiac sympa- 
thetic-nerve terminals and the intracardially accumulating catecholamines; 
(2) accelerate and intensify intracardiac cholinergic counteraction against 
catecholamine-induced oxygen wastage; and (3) prevent the accumulation of 
supposedly pain-producing unoxidized metabolites, such as lactic acid in the 


heart muscle. 
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EVALUATION OF DRUGS USED IN THE TREATMENT 
OF ANGINA PECTORIS BY MEANS OF EXERCISE- 
ELECTROCARDIOGRAPHIC TESTS 


By Henry I. Russek 
U.S. Public Health Service Hospital, Staten Island, N. Y. 


In the entire field of therapeutics there is no area of greater conflict or con- 
fusion than that concerned with the use of drugs in the management of an- 
gina pectoris. No mystery exists, however, as to the major causes underlying 
this chaotic state. These causes stem primarily from the nature of the disease 
under investigation, the difficulties in estimating and interpreting drug-induced 
changes in subjective responses, and the lack of suitable means for determin- 
ing, in man, coronary blood flow, cardiac metabolic rate, cardiac work, and 
cardiac efficiency. 

If the pain in angina pectoris provided a true reflection of the disparity be- 
tween coronary flow and myocardial requirements, this subjective sensation 
might offer an acceptable index for assaying the potency of so-called vaso- 
dilator drugs. There is, however, no simple and direct relationship between 
coronary insufficiency per se and the pain experienced, and consequently a 
minute ischemic area in the myocardium may cause as severe discomfort as 
ischemia of a whole ventricle. This is because the distress experienced as 
angina is determined not only by the intensity of the stimulus evoked by myo- 
cardial hypoxia but also by the psychic reaction to its perception.” It has 
been pointed out that such states of feeling as anxiety, frustration, fear, and 
panic that may be aroused in this manner possess the power to intensify the 
total experience expressed as pain.’ Discomfort in the chest, self-diagnosed as 
a coronary attack and connoting possible death, may be a totally unsettling ex- 
perience, but it becomes a trivial annoyance easily disregarded when accurately 
labeled as myositis or neuralgia. Consequently, since marked variability in 
the psychic component of angina exists not only from day to day but from one 
attack to another, some device is necessary to neutralize or control reaction to 
pain perception if this subjective index is to be utilized for drug evaluation in 
angina pectoris. 

Most authorities believe that such control may be accomplished simply by 
alternating courses of placebo with similar courses of test drugs, and they con- 
sider that proper control is obtained, by the same manipulation, over sponta- 
neous changes in the severity of angina occurring during the natural course of 
the disease, over seasonal changes, disturbances in other organ systems, emo- 
tional influences, and unknown factors. It appears doubtful that valid results 
can be obtained in this manner from a study of small groups of subjects over a 
period of several weeks or months. Investigators who compare the action of a 
drug with that of an inert material frequently overlook the profound effects of 
emotion and other influences on bodily function, and they consequently treat 
the patient as a static apparatus whose performance can be modified only by the 
substances put into it. Indeed, the vagaries that influence the anginal state 
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have led Katz‘ to the conviction that observations of the effect of coronary dila- 
tors should be made for the minimum period of 1 year in a large group of pa- 
tients. Such studies carried out in “double blind” tests to control the element 
of bias may successfully identify potent analgesic agents or effective coronary 
vasodilator drugs, but they remain powerless to differentiate one group from 
the other. Moreover, many pitfalls exist even with such careful experimental 
design. 

If a daily diary is kept by the patient to record such factors as the number of 
anginal attacks, the duration and severity of each attack, exercise tolerance, 
nitroglycerin requirements, reaction to medication, weather conditions, change 
in daily activities, and emotional upsets, the investigator is confronted with an 
insurmountable tangle of material. With the “report-card’” method in which 
the patient summarizes his pain experience for the day by making an X mark 
in 1 of 4 boxes at bedtime, the paucity of data may fail to give a clear picture 
of the clinical state. Moreover, the patient cannot be expected to be objective 
about his symptoms, particularly when viewed in retrospect and colored by 
the favorable or unfavorable events in each day’s existence. It must also be 
recognized that certain patients in such studies are not reliable, or that they 
record their experiences from memory after variable periods. ‘‘Interval-eval- 
uation” systems leave considerable uncertainty as to the uniformity of the cri- 
teria on which judgment of clinical status is based. A particularly bad day or 
a few days exceptionally free from pain may color the patient’s impression of 
the entire period. 

In such studies, it is of paramount importance that the subjects be well cho- 
sen in terms of symptomatology. Some authorities‘ insist that only patients 
with severe angina should make up the group to be studied. Evidence indi- 
cates, however, that the effectiveness of placebos is far greater when pain is 
greater than when it is less. The reverse is true not only for analgesic agents 
but for coronary vasodilator drugs. Consequently the very severity of the 
angina may lead to negative results. The most desirable subjects for study, 
therefore, may be those patients with moderate degrees of angina who show 
unequivocal response to nitroglycerin. Patients who fail to respond to this 
potent drug are unlikely to show favorable response to other vasodilator agents. 

The inclusion of placebo reactors in tests of drugs that might relieve angina 
decreases the accuracy of a study and may result in failure to identify ac- 
tive agents. Although studies have indicated that about 35 per cent of sub- 
jects fall into this category,’ a complicating feature of the problem is that pla- 
cebo reactors are not consistent in their responses. Lasagna,® for example, 
has reported that 69 per cent of postoperative patients responded at least once 
with significant relief when 2 or more placebo injections were given. 

Since the use of controlled, unbiased observations is fundamental in the 
approach of science, the “double blind” test has become established as impera- 
tive for the valid evaluation of drugs. Failure of this method to reveal differ- 
ences in response to placebo as compared to that of potent drugs® is an indict- 
ment not of the technique but of the design of the clinical experiment by which 
itis apphed. The fact that such failure may occur even in clinical observations 
cairied out by experienced investigators® does point up, however, the inherent 
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difhculties involved in evaluations based on the unreliable index of pain. Even 
when all sources of error have been eliminated or controlled, however, clinical 
studies of this nature are unable to distinguish the potent analgesic from the 
potent vasodilator, since one may be as effective as the other in the relief of 
pain. Morphine and alcohol, for example, have been known to relieve angina 
since the work of William Heberden in the 18th century, yet no data could be 
obtained concerning their possible influence on the coronary-myocardial rela- 
tionship by the method under consideration. By presumption alone, alcohol 
has become firmly entrenched as a “potent coronary vasodilator” second only 
to the nitrites,’ and even morphine has been suspected of exerting favorable 
action on coronary blood flow.’ Nevertheless, it can be shown by other means 
that relief of angina by each of these drugs is not mediated through improve- 
ment of the physiological balance between myocardial demand and coronary 
supply. 

It is apparent that angina pectoris may respond to placebos, analgesic agents, 
coronary vasodilator drugs, and agents that influence myocardial efficiency. 
While the patient’s concern is with relief of pain, the physician’s responsibility 
requires that this be accomplished in the most effective and desirable manner. 
One may ask whether the patient with angina of effort who responds to a pla- 
cebo or analgesic is given the same measure of protection by these agents as 
when relief is obtained by nitroglycerin. The thoughtful physician seeks to 
control this symptom by prescribing a drug that eliminates the pain-producing 
myocardial hypoxia, and he regards any other method of controlling pain as 
secondary to this main therapeutic objective. Drugs that relieve angina by 
affecting the anatomic apparatus of pain or the psychic reaction to its percep- 
tion must therefore be clearly differentiated from those acting specifically on 
its initiating stimulus. 

Contrary to repeated assertions, there is no basis for the claim that vasodila- 
tor drugs can be identified and assayed only in the exact manner employed clin- 
ically for analgesic agents. In the clinical situation that evokes anginal pain, 
reaction contributes its major share to the experience of pain. Consequently, 
analgesics can best be studied with pain in its natural habitat where it occurs 
spontaneously. Morphine, for example, consistently reduces or stops the pain 
of an operative incision but fails to influence experimental pain since, in the 
latter, the reaction component is negligible. For this reason, response to vaso- 
dilator drugs can best be studied in the laboratory where reaction to pain per- 
ception is so reduced, modified, and controlled that it is no longer able to con- 
fuse the results. Angina induced experimentally by measured exercise does 
not provide a pure culture of sensation without reaction, but it does afford a 
more reliable index for estimating “vasodilator” effect than does angina occur- 
ring spontaneously. Since the criterion of pain at best is deceptive, however, 
our evaluations have been based upon the ability of specific agents to modify 
the electrocardiographic response to standard exercise in carefully selected pa- 
tients.°-* 

The validity of such studies depends upon the utilization of only those pa- 
tients with coronary disease who exhibit, on repeated testing under identical 
conditions, a relatively constant positive response to a given amount of exer- 
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cise. In our experience with routine screening of coronary cases, only about 
1 patient out of 50 can be considered ideal for this type of study. In such cases, 
appreciable periods exist during which the electrocardiographic alterations 
evoked by standard exercise recur in almost identical fashion with each per- 
formance of the test. Even after weeks or months of observation, it 1s neces- 
sary only to add or subtract several ascents and descents of the 2-step staircase 
to obtain new controls for further test comparisons. By such adjustments, 
the inevitable changes attending the natural course of the disease do not hinder 
continued use of many of the test subjects for assay of vasodilator drugs. As 
many as 200 exercise tests have been carried out in some patients over a period 
of several years. Justification of the use of this method in the evaluation of 
drugs is based upon the fact that the electrocardiographic configurations evoked 
by an exercise test are similar to those commonly recorded during spontaneous 
attacks of angina pectoris in the same patients. Such electrocardiographic 
patterns have been widely accepted as a reflection of myocardial hypoxia and, 
indeed, may be induced by inhalation of oxygen-deficient mixtures. Moreover, 
it has been clearly established that nitroglycerin is capable of preventing or 
abolishing such electrocardiographic configurations in most patients, whether 
such configurations occur spontaneously or are artificially induced in the labora- 
tory. The method therefore permits the identification and assay of drugs that 
mimic the action of nitroglycerin in its influence on electrocardiographic pat- 
terns. In addition, the method may assist in determining whether relief of 
angina is mediated through analgesic action or specific influence on coronary 
myocardial relationship. 

It has been claimed that many patients with coronary disease exhibit a nega- 
tive response to exercise. Consequently, the meaning and significance of a 
positive test have been questioned. It is acknowledged that limitations exist 
in electrocardiographic methods and that, in many patients, transient myo- 
cardial hypoxia may not be detected by this means. Since only patients with 
a positive response to exercise are employed in drug evaluations, however, failure 
of the technique to identify all patients with coronary insufficiency should not 
pose a valid objection. It has also been pointed out that the electrocardiogram, 
representing a multitude of factors that summate as measurable electrical phe- 
nomena, cannot differentiate coronary flow, metabolic effects of a drug upon 
muscle, alteration of polarization, or other electrical phenomena unrelated to 
the clinical picture of the anginal syndrome. It is acknowledged that false 
results may occur with any test procedure, but careful selection of patients can 
eliminate this source of error. It is true that electrocardiographic patterns do 
not reflect the influence of a drug on myocardial metabolism, coronary blood 
flow, cardiac work, or cardiac efficiency, but these patterns may indicate what 
1S even more important, namely, whether the net effect of all such changes 
is favorable or unfavorable for the myocardium. No valid evidence exists to 
Suggest that drugs capable of influencing induced myocardial hypoxia in the 
laboratory fail to act similarly in patients functioning in their habitual manner. 
aM he criticism that response to a drug revealed under laboratory conditions 
might escape detection in a complexity of factors responsible for pain in the 
ambulant patient with angina of effort, while true, does not reduce the value of 
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this method for identifying and assaying the potency of agents useful in the 
prophylaxis of myocardial hypoxia. The method eliminates the problem of 
the placebo reactor and the psychic factors that may distort the results in eval- 
uations based upon the index of pain. 

Ficures 1 and 2 show the results obtained with various drugs by workers 
using this technique. Of more than 20 agents tested during the last 6 years, 
only nitroglycerin, papaverine in large doses, and pentaerythritol tetranitrate 
were associated with impressive results. F1curE 2 shows the exercise tests 
obtained in a patient whose attacks were relieved just as effectively by whiskey 
as by nitroglycerin. The differences in the electrocardiographic patterns 
clearly illustrate that these drugs relieved pain through different mechanisms 
of action. Obviously, only nitroglycerin could qualify as a “vasodilator” from 


these observations. 
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In the absence of drugs that infallibly prevent the initiating stimulus for 
angina, the value of analgesic and tranquilizing agents must be clearly recog- 
nized in the management of this disease. Although drugs given for pain 
whether placebos or analgesic agents, are stated to affect the reaction and not 
the stimulus, in angina pectoris this is not true. It is noteworthy that in this 
disorder the reaction tends to perpetuate or augment the original stimulus by 
increasing metabolism, blood pressure, and heart rate and by diminishing car- 
diac efficiency. These effects are mediated through the sympathetic nervous 
system and catecholamines. Thus the greater the psychic reaction to pain, 
the greater the rebound effects tending to augment the imbalance between coro- 
nary flow and myocardial requirements. Consequently, in patients in whom 
pain cannot be controlled by currently available vasodilators, there would ap- 
pear to be a real place for analgesic and tranquilizing agents. 

From these considerations it is concluded that although drug evaluation 
based on exercise-electrocardiographic tests is difficult to perform, requires me- 
ticulous care, and demands discriminating selection of test subjects, it affords 
the most reliable clinical method available today for the identification and 
assay of agents useful in the prophylaxis and treatment of myocardial hypoxia 
underlying the anginal syndrome. 
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Part III. Cardiac Arrhythmias 
INTRODUCTORY REMARKS TO PART II 


By Gordon K. Moe 


State University of New York, Upstate Medical Center, Syracuse, Wis 


In reverence of the almost Biblical work of Thomas Lewis,’ it has for years 
been customary to attribute the antiarrhythmic properties of drugs to their 
ability to prolong the refractory period of cardiac tissues. In recent years, 
however, iconoclasts have challenged the circus-movement theory of cardiac 
arrhythmias. It is no longer as certain as it once was that atrial flutter and 
fibrillation are the expression of a continuous passage of impulses about an ob- 
stacle. It should therefore be admitted at the outset of the present section of 
this publication that we do not know the mechanism of the various cardiac 
arrhythmias encountered in clinical practice, that we are not sure what prop- 
erties of drugs are responsible for their demonstrated therapeutic effectiveness, 
and that new therapeutic agents must be tested against all possible theories of 
arrhythmias. It is important, therefore, to consider these theories. 


Atrial Arrhythmias 


There can be no question that a circus movement about an obstacle, resem- 
bling atrial flutter, can be created experimentally. The theoretical basis for 
this technique has been well worked out and confirmed by actual measurement 
by Rosenblueth? and his associates. It has been shown that the experimental 
arrhythmia behaves in many respects as its clinical counterpart does: (1) con- 
tinuous atrial electrical activity, approaching a sine wave, is apparent in the 
electrocardiogram; (2) adrenergic stimulation increases the flutter frequency 
and may reduce the degree of atrioventricular block; (3) quinidine slows the 
flutter frequency and, after a period of ventricular acceleration, suddenly abol- 
ishes the arrhythmia; (4) digitalis, in a suitable preparation (under chloralose- 
morphine anesthesia, that is, with alert vagal reflexes), converts the flutter to 
a fibrillation that may in time, or after vagal section or blockade, revert to nor- 
mal rhythm. The case for circus movement is a strong one, and the action of 
drugs can be interpreted in terms of their known actions upon conduction ve- 
locity and refractory period. 

The circus-movement theory of atrial fibrillation does not so clearly fit the 
facts. Lewis proposed that fibrillation resulted when the circulating impulse 
traversed so short a path, or traveled at so high a speed, that adjacent areas of 
the atrium were incapable of responding regularly. The process has been 
likened to the irregular discharge of sparks from a revolving pin wheel. In 
terms of a single parent circuit and the known actions of drugs, it becomes very 
difficult to explain atrial fibrillation. It seems likely that the mechansim of 
fibrillation, whether occurring spontaneously in the human subject or produced 
experimentally, is fundamentally different from that of flutter. There appears 
to be total disorganization of activity. Randomly wandering wave fronts, 
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ever changing in number and direction, replace the synchronous or regularly 
recurring rhythm of the fluttering atria. If this be true, recovery from fibril- 
lation should depend upon the statistical chance that all such wavelets might 
fall into phase, rendering the whole of the atrial tissue either refractory or ex- 
citable at the same ume. Any agency that would reduce the total number of 
wave fronts should improve the chance of ‘‘spontaneous”’ recovery. It follows 
that drugs that prolong the refractory period or reduce the excitability of the 
atria, as quinidine does, should be expected to favor recovery. 

It has recently become popular to propose that ail atrial arrhythmias, 
whether paroxysmal tachycardia, flutter, or fibrillation, have a common basis 
in ectopic discharge at various rates from a single focus. The basis of this pro- 
posal lies in the observation that such an ectopic focus can be produced by the 
application of aconitine to a localized spot on the atrium, and that the fre- 
quency of the resulting tachycardia depends upon the concentration of the 
alkaloid applied. Since the arrhythmia so produced is, presumably, the result 
of enhancement of that vaguely defined property of rhythmicity, automaticity, 
or spontaneity, it follows that the antiarrhythmic activity of drugs must be 
considered in relation to depression of the same poorly defined property. 

If we assume, as we must, that tachycardias may be the expression of en- 
hanced rhythmicity, then we must describe the circumstances under which 
depression of this property may be measured. 

The most rhythmically automatic structure in the heart is the sino-atrial 
(S-A) node. If ectopic rhythms are due to nodelike automaticity, it follows 
that agents that depress S-A nodal frequency, that is, cholinergic drugs, should 
also depress the ectopic rhythms. Cholinergic agencies do not, however, 
abolish or decelerate atrial fibrillation. Indeed, they tend to perpetuate or 
accelerate it. Cholinergic drugs do not reduce the frequency of atrial flutter. 
In fact, they accelerate it or convert it to fibrillation. Cholinergic drugs in 
graded doses do not result in graded slowing of a paroxysmal tachycardia. 
Instead, they abolish it abruptly or not at all. It seems apparent, then, that 
if these arrhythmias are the result of ectopic pacemaker activity, this must be 
fundamentally different from the normal phenomenon. 

There is a common tendency to equate the ability of a drug to diminish ex- 
citability with its ability to inhibit or abolish the automatic activity of ectopic 
foci. That this concept is false, or at least oversimplified, can easily be demon- 
strated. Digitalis, for example, renders the atrium inexcitable and reduces 
ventricular excitability in doses that enhance ventricular automaticity. Many 
drugs that depress cardiac excitability are capable of provoking idioventricular 
discharges and ventricular fibrillation, quinidine not excepted. 


Idioventricular Rhythms 


Rhythms relating solely to the cardiac ventricle are not so readily explained 
by the circus-movement theory as atrial flutter, although many attempts have 
been made to explain bigeminal rhythm, ventricular extrasystoles, ventricular 
tachycardia and flutter, and ventricular fibrillation as examples of “re-entry.” 
Here again the ectopic-focus theory may be invoked. It may be assumed with 
confidence that bigeminal or coupled beats having a constant electrocardio- 
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graphic configuration originate from a single focus, even though contingent 
upon preceding events at the site of origin. Multifocal ventricular tachy- 
cardias cannot be explained conveniently by either theory, and it again becomes 
necessary to rely upon the ill-defined property of rhythmicity or automaticity, 
this time assuming that several foci compete for pacemaker activity in the ab- 
normal heart. : 

Since the development of multifocal idioventricular rhythms following coro- 
nary occlusion is one of our cardinal cardiac problems, one of the mast impor- 
tant tasks confronting us is the elucidation and estimation of the antiautomatic 
property of drugs. Ideally, a useful drug should suppress automatic foci with- 
out reducing normal cardiac excitability, without reducing conduction velocity, 
and without reducing cardiac contractility, and should be devoid of other dele- 
terious side effects. 

Obviously these properties of drugs can be studied only in situations that 
mimic the clinical situations as closely and completely as possible. To be safe, 
then, we must assess the properties of drugs that (1) are important in the con- 
trol of atrial tachycardia, flutter, and fibrillation, whether these be the result 
of circus movement, single or multiple ectopic foci, or multiple random wave 
fronts, and (2), are useful in the prevention of ventricular ectopic rhythms, 
whether these rhythms are due to “‘re-entry”’ or focal discharge. 

What are these properties? (1) Prolongation of the refractory period, as 
produced by quinidine and procaine amide, a property that should be effective 
when a circus movement exists, as may be true in atrial flutter and paroxysmal 
tachycardia, but not necessarily if ectopic foci are responsible. (2) Decrease of 
excitability, which could conceivably be useful in atrial fibrillation and, perhaps, 
in ventricular arrhythmias. (3) Depression of automaticity, if the arrhythmias 
are due to an increase of this property to abnormal levels. 

Appraisal of these effects of drugs upon the properties of the heart is essen- 
tial to the evaluation of potential therapeutic agents. 
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ARRHYTHMIAS FOLLOWING EXPERIMENTAL CORONARY 
OCCLUSION AND THEIR RESPONSE 
TO DRUGS* 


By Byron B. Clark and John R. Cummings 


Department of Pharmacology, Tufts University School of Medicine, 
Boston, Mass. 


For testing the action of antiarrhythmic drugs on ventricular arrhythmias, 
the 2-stage ligation of the anterior descending coronary artery in the dog, as 
developed by Harris,’ yields a useful test preparation with a predictable, long- 
lasting ventricular tachycardia. This method has been used extensively in 
this laboratory*:*.* because: (1) the arrhythmia is etiologically similar to 1 
type of ventricular arrhythmia occurring in man; (2) its persistence permits 
repeated tests and some estimate of duration of drug action; and (3) simultane- 
ous evaluations may be made of both activity and toxicity in the unanesthe- 
tized animal. This paper will describe the characteristics of the coronary dog 
preparation, the method of evaluating antiarrhythmic activity, a comparison 
of drug responses in various experimental ventricular arrhythmias, and a cor- 
relation of these tests with results in man. 


Preparation and Characteristics of the “Coronary Dog”’ 


The 2-stage ligation of the anterior descending coronary artery is performed 
under aseptic conditions with pentobarbital anesthesia. The ligatures are 
placed 0 to 5 mm. below the tip of the left auricular appendage, and 30 minutes 
are allowed between partial and complete occlusion. The chest is closed in 
layers, the pneumothorax is reduced, and the animal is allowed to recover from 
anesthesia. Immediately following complete occlusion there is usually little 
disturbance in rhythm, but within 5 to 7 hours premature ventricular beats 
appear regularly and increase in frequency until, after 10 to 15 hours, there 
exists a relatively high-rate ventricular tachycardia ranging between 180 to 280 
beats per minute. The nearly complete ventricular ectopic rhythm usually 
persists for at least 24 hours. By the second postoperative day, however, the 
total rate is usually lower, and sinus beats are evident. Spontaneous reversion 
to sinus rhythm occurs within 72 hours. The fully developed arrhythmia, as 
judged from the ECG, appears to be largely or entirely of ectopic ventricular 
origin, and it is usually multifocal. Ordinarily the P wave is absent or ob- 
scured. Occasional beats of apparent nodal origin are seen while, in certain 
animals, a number of beats of supraventricular origin with aberrant conduction 
occur. In the typical response to an antiarrhythmic drug, however, all abnor- 
mal pacemaker activity is usually suppressed with resumption of sinus rhythm. 

In a series of 92 preparations the mortality was 16 per cent. Most of the 
deaths were due to ventricular fibrillation occurring at the time of ligation, al- 
though a few animals died later unobserved. Only 2 animals failed to develop 
a significant ventricular tachycardia. The mortality in this preparation is 


* The work reported in this paper was aided by grants from the National Heart Institute, National Institutes 
of Health, Public Health Sarride, Denarancst of Health, Education and Welfare, Bethesda, Md.; the Massachu- 
setts Heart Association, Boston, Mass.; and the Squibb Institute for Medical Research, New Brunswick, N. J. 
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relatively low compared with the high mortality observed following 1-stage 
occlusion.®: ° ? 

Most of the tests for drug activity were carried out on the first postoperative 
day when the ventricular ectopic activity was maximal. The tests were per- 
formed without anesthesia or sedation. Multichannel recordings of the 3 stan- 
dard ECG limb leads and the femoral arterial pressure (Statham manometer) 
were made at frequent intervals. The selected dose of the test drug was in- 
fused intravenously through an indwelling venous catheter in a volume of 20 ml. 
of saline in 5 minutes. Usually 30 or 60 minutes was allowed between repeated 
injections of the same or different drugs. A minimal screening test consisted 
of 3 trials in 3 dogs, with the test drug being administered first in at least 1 
animal. 


Evaluation of Antiarrhythmic Activity and Toxicity 


The typical response in the “coronary dog”’ to an effective dose of an active 
antiarrhythmic drug, such as procaine amide, is shown in FIGURE 1. A reduc- 
tion in total rate and ventricular ectopic rate occurs first and, as the action pro- 
gresses, sinus beats appear, frequently as short runs of 4 or 5 beats. The 
rhythm may then fluctuate between sinus and ventricular, and then may shift 
abruptly to continuous sinus rhythm. The duration of sinus rhythm is depen- 
dent largely upon the dosage of drug used, and it may last from a few minutes 
to an hour or more. The duration of sinus rhythm and the resumption of the 
ventricular tachycardia are also dependent upon the age of the preparation and 
the initial ectopic rate. In most instances the ventricular ectopic rhythm re- 
turns, passing through alternating phases of sinus and ventricular beats. Usu- 
ally, when a total ventricular ectopic rhythm recurs, the total rate is not as 
high as it was initially. Atypically, the ventricular tachycardia may appear re- 
fractory within the limits of tolerated doses of an effective antiarrhythmic 
compound. Such instances of refractoriness are most commonly associated 
with unusually high ventricular ectopic rates of the order of 250 beats per min- 
ute or more. Even so, the total rate is usually reduced, the refractoriness 
being manifested by apparent inability of conversion to complete sinus rhythm. 
Reduction in the total rate is considered an essential feature of the action of 
a suitable antiarrhythmic drug, for it alone offers protection against the devel- 
opment of fatal ventricular fibrillation. Occasionally in testing new com- 
pounds, conversion to sinus rhythm has been observed without a reduction of 
total rate. A compound that has no influence on the total rate or the ventric- 
ular ectopic rhythm is considered to be entirely inactive. 

Simultaneously with the evaluation of cardiac antiarrhythmic activity, cer- 
tain gross toxicity may also be estimated in these unanesthetized preparations. 
Ina study of approximately 45 synthetic compounds, the most common toxic- 


ity observed has been central-nervous-system stimulation characterized by 
head tremor, nausea and vomiting, | 
frank convulsions. 


has been observed. 


lyperreflexia, excessive struggling, or 
On occasion, pronounced sedation or respiratory depression 
The pupillary signs, especially the light reflex, may give 
some evidence of autonomic-nervyous-system activity. The blood pressure and 
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ECG tracings can provide evidence of vasodepressor or vasopressor actions 


and of direct cardiac effects, especially on cardiac conduction. 


An analysis of the degree of cardiac antiarrhythmic activity must consider 
the following factors: (1) the total dosage of the drug and the frequency of re- 
petition of single doses; (2) the level of the total and ventricular ectopic rate; 
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(3) the per cent of reversion to sinus rhythm, (4) the durations of the conversions 
to complete sinus rhythm and 50 per cent sinus rhythm; (5) the return of the 
ventricular tachycardia in relation to the amount and potency of the com- 
pound administered, the initial ventricular ectopic rate, and the age of the prep- 
aration; (6) any action of the compound upon the autonomic nervous system, 
especially atropinelike and epinephrinelike effects; and (7) the degree of excite- 
ment and struggling. No satisfactory numerical index of activity has yet been 
worked out to take all of these variables into account, but the yariables 
should all be considered in making a final evaluation of a compound. 

The following semiquantitative scheme has been useful in this laboratory in 
making a preliminary analysis of structure and activity relations. 


Relative activity Criteria 
+—++-+ 75 to 100 per cent reversion to sinus rhythm; decrease in total rate. 
Sleoieate 25 to 50 per cent reversion to sinus rhythm; decrease in total rate. 
SESE 10 to 25 per cent reversion to sinus rhythm; decrease in total rate. 
ala No reversion but decrease in total rate. 
3 Some increase in sinus beats without reduction in total rate. 
0 No reduction in ectopic rate or total rate. 


The most important factors in evaluating the degree of activity of a com- 
pound in the coronary dog appear to be the total and the ventricular ectopic 
rates at the time of drug testing. F1GuRE 2 shows the frequency distribution 
of the total rate in 69 animals just prior to the first test dose of various com- 
pounds. In 42 per cent of the animals the total ventricular rate was between 
200 and 240, and in 84 per cent it was between 180 and 280. The age of the 
preparation (time after occlusion) and the size of the infarct are probably the 
main factors determining the ventricular ectopic and total rates. For the 
data used in FIGURE 2, 72 per cent of the values were obtained during the period 
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14 to 18 hours after occlusion, during which the corresponding hourly average 
rates were relatively constant at 195 to 230 beats per minute. In the remain- 
ing smaller series the average rate tended to be somewhat higher during 10 to 14 
hours, and was definitely less in the period 18 to 24 hours after occlusion. 

The apparent influence of total and ectopic ventricular rates on the relative 
antiarrhythmic activity of initial single doses of procaine amide and MC 4112 
is evident inFIGURE 3. Theresults clearly indicate that at the lower heart rates 
the compounds are more effective in completely suppressing the ectopic rhythm 
than at higher rates. Available data indicate that quinidine follows a similar 
pattern. Despite the fact that the drugs may be only slightly effective in pro- 
ducing an initial sinus rhythm in high-rate animals, they nearly always reduce 
the total ventricular ectopic rate, and subsequent administrations usually re- 
sult in complete suppression of the ectopic ventricular rhythm. It is also ap- 
parent that the size of the initial dose of procaine amide may determine the 
maximum rate at which suppression of the arrhythmia occurs. 


Compounds Having Antiarrhythmic Activity in the Coronary Dog 


The antiarrhythmic activities in the coronary dog of only a relatively small 
number of compounds have been reported in the literature (TABLE 1). The 
activities of the compounds used most often clinically, quinidine and procaine 
amide, have been adequately established,’ °° and a correlation with results 
available in man will be discussed presently. 

This laboratory has tested 44 compounds in the coronary dog preparation, 
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TABLE 1 


ANTIARRHYTHMIC Activity OF MISCELLANEOUS COMPOUNDS IN THE Two-STAGE 
Coronary Doc 


Compound Activity* Toxicity with effective doses | References 
inidi Nausea, vomiting, hypotension (pee, 
Cae arate aa Usually none. Head tremor, vomiting 3, 8, 10 
MC 4112 ++-+-+ | Usually none. Head tremor, vomiting 3 
Procaine at | CNS stimulation (convulsions) ; , ne 
Diethylaminoethanol ++-+-+ | Usually none. Slight CNS stimulation | ae 
Diphenylhydantoin ++-+-+ | Occasional head tremor, vomiting 5 
Dibucaine- +++ | CNS stimulation (convulsions) f | 1 
Dacorene +++-+ | Moderate to marked CNS stimulation 9 
Adrenolytic agents Sean Convulsions, tachycardia, vomiting | 13 
SC 3920 ++4++ | Hypotension, myocardial depression | 8 
SC S788 Sain Pulmonary edema _ a | 8 
SC 2919 se | Hypotension, vomiting, salivation 8 
Sch 2684 ++++ | Hypotension, cardiac depression, CNS | 14 
| stimulation ‘ ; | - 
+++ | Tremor, vomiting, hypotension 5 
a prime | Myocardial depression, A-V block 9 


5 awe sinus—decreas : + 5 50 per cent re- 
* Symbols: ++-++ 75 to 100 per cent reversion to sinus—decrease total rate; +++ 25 to 

rersion to sinus—decrease total rate; ++ 10 to 25 per cent reversion to sinus—decrease total rate; + no re- 

version, but reduction in total ectopic rate. 


but most of these data are still unpublished. Distribution of activities and 
toxicities in this series was as follows: activity with low toxicity—9; activity 
with toxicity—20; no activity with toxicity—8; and no activity or toxicity—7. 
Antiarrhythmic activity was found in a number of different structural types of 
compounds. In 2 close homologous series it was possible to demonstrate struc- 
ture-activity relationships rather clearly. Since only a few of these compounds 
have been tested in man, little is to be gained by presenting the detailed data 
here, except to emphasize the fact that the test preparation is sensitive to struc- 
tural chemical changes. MC 4112, one of the compounds that showed activity 
and low toxicity, has been studied in the dog* and in man,!° and it will be dis- 
cussed below. 


Coronary Dog Compared with Other Experimental 
Ventricular Arrhythmia Preparations 


The antiarrhythmic activity of 3 compounds effective in the coronary dog, 
namely, quinidine, procaine amide, and MC 4112, has also been tested in other 
types of experimental ventricular arrhythmias (TABLE 2). After development 
of spontaneous reversion of the ventricular ectopic tachycardia to normal 
sinus rhythm in the “‘postcoronary dog,” a brief but reproducible ventricular 
tachycardia was induced by a small intravenous dose of epinephrine (1 to 2 
ug./kg.). This arrhythmia was largely controlled by all 3 drugs. In contrast, 
antiarrhythmic activity against epinephrine-induced multiple ventricular extra- 
systoles in dogs under cyclopropane anesthesia was demonstrable with quini- 
dine, but not with procaine amide or MC 4112. Cyclopropane-epinephrine 
arrhythmias were produced by infusing epinephrine, 1 yg./kg./ml./20 Seu 
until ectopic rhythm developed." 
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TABLE 2 
COMPARATIVE ANTIARRHYTHMIC ACTIVITY IN THE Doc 


=> a ee 
} Experimental ventricular arrhythmia preparations 


Drug and dosage, mg./kg. LV | i 
g &./ Rs death Pace Cyclopro- | Ouabain, 110 ug./kg. ee 
sate ee coronary yane- = | Sermia 
ligation 18 cardiac 


epinephrine |epinephrine 0) See 2 
I P Tachycardia} Fibrillation surgery 


Quinidine, 10-20......... 


: ; + (4) +S) | Et) | + a) 
Procaine amide, 20-60....) + (58) SEUG, |) LONG) se (i) 0 (7) Omais) 
MC 4112, 20-80... + (44) | + (3) | 0 (9) | 0 (12) | + (12) | + 0) 
= 
Symbols: (_) = number of tests; + = definite activity; + = moderate activity; 0 = no statistically 


significant activity. 


Ouabain, 110 ug./kg., in a single intravenous dose in 18 control dogs, pro- 
duced ventricular tachycardia in all, and 13 out of the 18 died of ventricular 
fibrillation. Quinidine suppressed the tachycardia and prevented fibrillation 
in 9 out of 11 tests. Procaine amide transiently suppressed the ventricular 
tachycardia but showed no statistically significant protection against fibril- 
lation. MC 4112, however, protected 11 of 12 animals from ventricular fibril- 
lation without a consistent suppressor action on the tachycardia. 

During the procedure of subjecting dogs to hypothermia (25° C.), of occlud- 
ing the venous supply to the heart for 15 minutes, of incising the right ventricle, 
and then rewarming the dogs to 37° C., a large percentage was found to have 
developed ventricular fibrillation.'® MC 4112 provided nearly complete pro- 
tection against fibrillation,'® in comparison with poor results with procaine 
amide, dilantin, and dacorene.’” 

It is apparent that there is no agreement in the results with these tests. The 
cyclopropane-epinephrine test showed the poorest agreement, while there is a 
fair correlation between the results in the coronary dog test and those in the 
postcoronary occlusion-epinephrine and digitalis tests. 


Correlation Between Antiarrhythmic Tests and Clinical Activity 


Quinidine. The clinical activity and limitations of quinidine therapy in 
man have been thoroughly studied and frequently reviewed."* The pattern of 
activity and toxicity in the coronary dog is in general agreement with that 
reported for man. Although quantitative comparisons are unjustified, the 
general order of dosage is probably similar. It cannot be said, however, that 
the correlation with the coronary dog is best, since quinidine is also effective 
against other experimental ventricular arrhythmias, including epinephrine- 
cyclopropane in the dog. 

Procaine amide. The effectiveness of procaine amide in human ventricular 
arrhythmias and in the coronary dog is now well established. The pattern 
of toxicity also correlates closely. Despite the fact that procaine-amide activ- 
ity was first demonstrated in the cyclopropane-epinephrine dog test," it has 
been our experience that the drug does not protect against epinephrine-cyclo- 
propane-induced cardiac arrhythmias in a dose of 20 mg. per kg. Similar nega- 
tive results with procaine amide during cyclopropane anesthesia have been 
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reported in a laboratory and clinical study by Morris and Haid.” Like quini- 
dine, procaine amide was effective in reverting digitalis-induced ventricular 
arrhythmias, but in this preparation the depressant effects of both antiarrhyth- 
mic drugs on conduction occasionally resulted in complete A-V block. Similar 
effects on conduction have also been reported in man.” 

MC 4112. Nearly as active as procaine amide in the coronary dog,’ MC 4112 
differs by having no significant effect upon cardiac conduction or electrical 
threshold. Like procaine amide, it is ineffective in the epinephrine-cyclopro- 
pane dog test. In digitalis toxicity in the dog, MC 4112 prevents ventricular 
fibrillation, but does not prevent ventricular tachycardia. It appears to be 
much more effective than procaine amide in preventing ventricular fibrillation 
in hypothermic-cardiac surgery. Preliminary trials in man with MC 4112 
have been reported," and these results clearly indicate that the compound has 
antiarrhythmic activity. Since a rather large dosage was required, its potency 
ona weight basis appears to be somewhat less than is indicated by the “coronary 
dog’? data. The absence of marked hypotension and effects upon conduction 
suggests, however, that the drug might be particularly useful in treating ar- 
rhythmias in patients with conduction disturbances, in controlling arrhythmias 
during anesthesia, and in patients undergoing cardiac surgery. 

Diethylaminoethanol. ‘This drug is reportedly effective against epinephrine- 
induced arrhythmias in the dog under cyclopropane.”? It is also effective in 
the coronary dog preparation, although large doses are required.** Several 
reports indicate that it is active in man, but that large amounts must be given 
and its action is brief.*4 

Electrolytes. Intravenous infusions of magnesium sulfate were reported to 
be effective in the coronary dog by Harris and his co-workers,” a finding that 
has been confirmed in this laboratory.2* Variable degrees of activity in differ- 
ent types of arrhythmias in man have also been reported.** Infusions of potas- 
sium chloride, within certain limits, are also effective in coronary dogs.” 
Numerous reports have indicated that potassium chloride has clinical activity, 
especially in digitalis intoxication.2# 


Conclusions 


The 2-stage coronary-ligation method provides a useful preparation for test- 
ing the action of possible antiarrhythmic agents on a long-lasting ventricular 
tachycardia. One advantage of the method is that it allows for the determina- 
tion of the effect of a compound in an unanesthetized animal against an arrhyth- 
mia that is etiologically similar to a type often occurring in man. Experimen- 
tal results appear to correlate closely with human data. It is evident, however 
that there is still a paucity of information on the basic mechanisms involved 
in the development of ventricular arrhythmias in both the coronary dog and 
in man, and on the efficacious action of antiarrhythmic drugs. Attempts to 
ascertain the extent to which data derived from the 2-stage coronary prepa- 
ration may be carried over to man, therefore, have been few. ; 
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SCREENING OF DRUGS FOR ANTIARRHYTHMIC ACTIVITY 


By C. H. Ellis 


Wellcome Research Laboratories, Tuckahoe, N. Y. 


Regardless of what basic concept of mechanism of arrhythmia activity one 
may favor, such characteristics of heart-muscle function as excitability, con- 
duction velocity, and refractoriness cannot be ignored. Moreover, these func- 
tions cannot be considered entirely independently, for although local changes 
in the state of excitability may be the underlying basis of both rhythmic and 
arrhythmic activity, these changes in excitability may result in, or reflect, 
changes in refractoriness. Since decremental conduction can occur in heart 
muscle, refractoriness and/or changes in excitability may influence both ve- 
locity of conduction and extent of spread of the propagated excitation wave. 

For pharmacological purposes, however, a detailed theoretical understand- 
ing of the intimate mechanics of specific arrhythmias can be subordinated to a 
more practical concept requiring an effective drug to show activity in changing 
one or more of the above characteristics. To this end, a 3-stage screening 
procedure has been set up that first involves determining the relative activities 
of compounds on the effective refractory period of isolated heart muscle. 
Those substances that show a definite prolongation of refractoriness in the 
isolated preparations are then injected into intact dogs for critical evaluation 
of the effect of each drug on conduction velocity. Those drugs that show a 
lengthened refractory period and either accelerated or unchanged conduction 
are finally tested for ability either to prevent or to terminate artificially induced 
arrhythmias in dogs. 

For the sake of having examples of a few compounds that have been in- 
vestigated in this way, data are submitted for quinidine, for No. 54-29, N-a-(2- 
methylphenyl)-benzyl-N’-methyl piperazine, and for No. 313-C-47, 1, 1-di- 
phenyl-3-dimethylaminopropene-1. 


Evaluation of Changes in Refractory Period 


The therapeutic action of quinidine in auricular arrhythmias has been attri- 
buted to its ability to lengthen the refractory periods of heart muscle. On 
practical grounds, this ability has served as a guide for many studies in the 
search for an ideal drug to be used in the control of auricular arrhythmias. 
Unfortunately, however, measurements of the absolute and relative refractory 
period of cardiac muscle are not easily made, : 

Successful pharmacological screening often can be achieved, however, with 
empirical methods that may not measure directly the specific physiological 
phenomenon, but may measure, instead, related phenomena that can be con- 
sidered to reflect changes in the basic mechanism itself. Dawes (1946) de- 
veloped a simple, although indirect, method for studying the effects of drugs 
on the “refractory period” of isolated rabbit auricles. ‘Actually he did not 
directly measure changes in refractory period, but rather the shifts in the maxi- 
mum rate of stimulation that the suspended auricles could follow with a 1:1 
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stimulus-response ratio. Since then modifications of Dawes’ method have been 
used by many investigators. 

At present, the basic screening procedure used at Wellcome Research Labo- 
ratories is that modification of the Dawes method described by Alles and Ellis 
(1948) that consists of suspending guinea pig auricles in a bath of well-oxygen- 
ated Locke’s solution, the temperature being kept constant at 31° C. Elec- 
trical stimulation is applied through an electrode incorporated in the anchoring 
assembly, short-circuiting being avoided by passing a continuous stream of 
oxygen through the orifice through which the electrode enters the muscle 
(FIGURE 1). 


Ficure 1. Schematic arrangement of apparatus for electrically stimulating isolated chee  Rerebaaeei 
Auricle preparation (P) is fastened by a thread into the 2-mm. orifice of a bulb ( B) by : aap See Moat 
which is inserted the U-shaped capillary tube carrying an electrode. The entire assem ly is i: Hae am e 
of Locke’s solution kept at 31° C. by circulating water froma constant-temperature bath through glass Jacke : 
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The threshold of stimulus intensity is determined at a frequency well above 
the spontaneous rhythm of the auricles and, for testing refractoriness, ae 
voltage is arbitrarily doubled. Stimulation is applied by rectangular pulses 
of 3-msec. duration at frequencies continuously variable between a range of 
90 to 900 shocks per minute. The frequency is gradually increased until the 
tissue is no longer able to respond to each stimulus, the end point usually being 
quite easily seen as the sudden increase in amplitude of the escape beats. 

Measurements of the maximum driving rate (expressed as duration between 
shocks) are made immediately before and at regular intervals after introducing 
appropriate amounts of the compound into the solution in the bath. Since ex- 
perience has shown that even after several washings with fresh Locke’s solu- 
tion, evidences of cumulative effects are frequently seen, a single dose of only 
1 compound is investigated on each preparation and, for comparative purposes, 
the mean of 3 preparations is used for each dosage level. For routine screening, 
an arbitrary concentration of 20 mg./]. and a 20-minute period of exposure have 
been selected, since this concentration of the reference compound, quinidine 
sulfate, causes a well-defined reduction in maximum driving rate amounting 
to about 50 per cent increase in the interval between shocks. ; . 

At other doses, quinidine shows a linear dose-response curve (FIGURE 2). 
No. 54-29 has shown considerably greater activity, and also appears to exhibit 
a linear dose-response relationship in the dosage range studied. No. 313-C-47 
has been investigated only at the 20 mg./l. concentration and was found to 
lengthen the interval between shocks by 192 per cent, corresponding to 125 
per cent for No. 54-29 and 58 per cent for quinidine.* 


Evaluation of Changes in Conduction Velocity 


Heart tissue has the power of giving rise periodically to a stimulus adequate 
to initiate a process of depolarization that proceeds in a wavelike manner over 
the auricles at a normal rate of approximately 1000 mm./sec. The P wave of 
the electrocardiogram is the record of this passage of the excitation wave over 
the auricles, the time from impulse formation at the sinoauricular node to its 
arrival at the auriculoventricular node coinciding with the time from the origin 
of the P wave to its summit (Graybiel and White, 1947). Since there is no 
specialized conductive tissue in the auricles, the duration of the ascending phase 
of the P wave can be considered a measure of conduction velocity. 

In dogs, intravenous quinidine was found to cause a 33 per cent increase in 
the duration of P at 5 mg./kg., and No. 313-C-47 caused a 58 per cent increase 
at that dosage. In contrast, No. 54-29 showed no change even at 10 mg./kg. 


Evaluation of Drugs Against Induced Arrhythmias 


The third phase in evaluating antiarrhythmia agents is the demonstration 
that these compounds are able either to prevent or to terminate cardiac ar- 
* The same method has been a 


specificity of action (auricle 58 per 
than on ventricular tissue 


pplied to cat papillary-muscle preparations. Whereas quinidine showed no 
per cent; papillary 69 per cent), No. 54-29 was markedly more effective on auricular 
] (auricle 125 per cent, papillary 42 per cent). 

t Although with respect to the immediate problem of conduction in auricular muscle only the P wave is rele- 
vant, this wave cannot be recorded pee rest es the electrocardiogram which, therefore, is also available 
e ni 2 S of the drug on the electrical activity of the heart. In this way thi 

pee the screening procedure affords evaluation of general electrocardiographic changes that 6 eee 
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INDUCED NODAL RHYTHM IN THE DOG 
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FicturE 4. The midnodal rhythm induced by a single burst of electrical stimulation. The intracardiac elec- 


trode was deep in the atrium near the tricuspid valve. 


physiological states.* In order to circumvent thoracotomy, a method has 


been developed in which intra-auricular tissues can be electrically stimulated 


without opening the chest wall.t 
A single electrode about 2 mm. in diameter and mounted in a catheter is 


introduced by means of a small incision into a femoral vein and projected up- 
ward through the inferior vena cava into the right half of the heart. The 
catheter serves as an insulating conduit. For closing the circuit for the stimu- 
lating current, a second electrode can be fastened conveniently to the lip of 


the animal with a small battery clip. 


* At the recent symposium on Electrophysiology of the Heart sponsored by The New York Academy of S« i- 
ences, Feb. 9-10, 1956, Myron Prinzmetal reported, in open-« hest dogs, an inversion of the T wave due to cooling 
that could be avoided by maintaining temperature and humidity in an infant in ubator. , ; 

+ A brief description of the method was presented at the Boston, Mass. meeting of the American Physiological 
Society in October, 1955. ; ~~ ‘ ; ; : : 

t Actually, the electrodes have been prepared by soldering a straight pin to one end of a piece of fine wire 
that is then passed through the lumen of a 30-inch length of either PE-205 or PE-260 polyethylene tubing, only 
the head of the pin remaining exposed. Electrodes have also been | laced in one side of a double-lumen catheter 
when pressure measurements or blood sampling were desired 
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INDUCED VENTRICULAR FIBRILLATION IN THE DOG 
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Ficure 5. Ventricular fibrillation induced by a single burst of electrical stimulation. The intracardiac 
electrode was in the right ventricle near the intraventricular septum. The upper record is the carotid pressure, 
and the lower record is the electrocardiogram (ECG). The ECG was discontinued during the 6-second period of 
stimulation to protect the galvanometer. 


For stimulation, either condenser spikes or 3-msec. rectangular pulses of 5 
to 40 volts have been used. Single 3-second bursts of stimulation at frequencies 
of the order of 10 to 30 cycles per second have resulted in arrhythmias of sev- 
eral sorts, depending upon placement of the intracardiac electrode. When the 
electrode was in the immediate vicinity of the sinoauricular node, auricular 
flutter and/or fibrillation resulted. Occasionally the auricular arrhythmia has 
persisted for as long as 2 hours (FIGURE 3) but, more often, the run of arrhyth- 
mia spontaneously reverted to sinus rhythm within about 15 seconds. When 
the electrode lay deep in the auricle near the tricuspid valve, a midnodal 
rhythm was induced (FIGURE 4) and, when the electrode lay in the ventricle, 
ventricular fibrillation resulted (FIGURE 5). 


Placement of Stimulating Electrode 


It was apparent that in order consistently to produce arrhythmias of a uni- 
form type from animal to animal, the use of some convenient method for moni- 
toring the electrode placement was mandatory. In working with an animal 
whose thorax has not been opened, 3 possible guides were considered: (1) pres- 
sure changes, (2) radiographic (fluoroscopic) observation, or (3) electrocardio- 
graphic changes. The first was ruled out because, although marked pressure 
differentials exist between auricle and ventricle, intracavity differences, if 
present, would be slight. 

Fluoroscopic monitoring of the catheter tip, although affording sufficiently 
reproducible electrode placement, was felt to have several deterrent features, 
such as necessity of having to work in a darkened room and the potential ra- 
diation hazard for personnel untrained in radiographic techniques. 
suse eo ee 
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FicuRE 6. Characteristic changes in the electrocardiographic pattern resulting from movement of the ex- 
ploring intracardiac electrode to various positions within the dog heart. Amplification was the same for A 
through J, but was reduced 10 times for K and L. Optimal placement for the induction of atrial arrhythmias is 
characterized by electrographic patterns D or E. 
gram obtained by the catheterization technique has been further described 
by Sodi-Pallares et al. (1947), Levine et al. (1949), Kossmann et al. (1950), 
Emslie-Smith (1955), and others. 

A brief summary of the typical changes in the shape of the auriculogram 
that result from movement of the exploring catheter-tip electrode can be seen 
in FIGURE 6. These records were taken in sequence, the tip being passed from 
the inferior vena cava upward into the auricle, past the intervena-caval bridge 
and into the superior vena cava, then withdrawn back into the auricle and 
directed upward into the auricular appendage, again withdrawn to the orifice 
of the inferior vena cava and projected through the tricuspid valve into the 
right ventricle. Confirmation of the anatomical position was carefully estab- 
lished in each instance by palpation of the electrode through the vascular wall. 
With the electrode in the femoral vein (A), the P wave is upright and remains 
so with it in the inferior vena cava (B) and into the orifice of the inferior vena 
cava (C) although with it in this position, a slight diphasic characteristic of the 
P wave can be seen. In D the equal amplitude of the diphasic limbs of the 
P wave indicates that the electrode is at approximately the electrical center of 
the auricle (region of the sinoauricular node). As the electrode is moved 
toward the orifice of the superior vena cava, the diphasic P wave becomes 
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predominantly downward (£) and, with the electrode in the superior vena cava, 
exclusively downward (f’, G, H). When the electrode lies in the auricular 
appendage, electrograms of the type seen in / and J are encountered. The dis- 
placement of the baseline during the PR interval is probably due to injury 
potential caused by pressure of the electrode against the endocardial surface. 
After passage of the electrode through the tricuspid valve, the ECG shows only 
a trace of the P wave, but an enormous increase in the amplitude of the ven- 
tricular portion is observed (AK). As the tip of the catheter reaches-the lower 
portion of the right ventricle, the P wave is no longer discernible and the 
amplitude of the ventricular complex becomes extraordinary (1). In K and 
L, the amplification was reduced tenfold. 
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For most uniform results in producing auricular arrhythmias, the catheter 
tip has been placed near or slightly above the sinoauricular node (D or £). 

An approach through the inferior vena cava was found to make it less likely 
that the electrode would curve into the ventricular cavity. 
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Determination of the Antiarrhythmia Action of Drugs 


In a certain number of animals the arrhythmias produced by a single 3-sec- 
ond burst of stimulation will persist for many minutes, but in others for only 
a few seconds. In the long-lasting arrhythmias (those that have persisted 
over 15 minutes without improvement), intravenous injection of the drug can 
be made to test for ability to ferminate the arrhythmia. Examples of this 
can be seen in FIGURE 7, in which No. 54-29 (2 mg./kg.) proved effective in 
both instances against auricular arrhythmias that had persisted for over 15 


minutes. 


In those animals in which only short bursts of arrhythmia can be obtained, 
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response seen in the 2 initial records was a 
Electrode placement was monitored by the intracardiac electrode. 


The remaining 


562 Annals New York Academy of Sciences 


TABLE 1 


ComPARISON OF QuinmpinE, No. 54-29 anp No. 313-C-47 FOR ANTIARRHYTHMIA 
Activity BY 3 SCREENING PROCEDURES 


= 


Sereenc usec. see | Refractory period Conduction velocity | Effect on _ induced 
arrhythmias 
Method.............| Isolated auricle Electrocardiogram Intracardiac electrode - 
PVT | Deen, cee | Guinea pig | Dog Dog é 
Effect measured. .... Lengthening of inter- | Duration of‘‘P” wave) Dose to prevent in- 
val between stim- duced arrhythmias 
uli (20 mg./1.) 2 
Quinidine.........-. 58% 33% 8 mg./kg. 
eee 192% 58% nae ket 
i. Bd ee ne eae 125% No change 2 mg./kg. 


a suitable frequency and intensity of stimulus are found that will invariably 
cause a brief period of arrhythmic activity. These preparations are suitable 
for studying the prophylactic action of the drug. After several control bursts 
have established that the 3-second burst of stimulation always results in ar- 
rhythmic activity, the drug is administered and test stimuli are applied at 
intervals until the arrhythmia can again be evoked. An example of this is 
shown in FIGURE 8, in which No. 54-29 resulted in a state of protection against 
stimulation for nearly 40 minutes. The prophylactic action of quinidine 
against such induced arrhythmias was not as marked as for No. 54-29, a dose of 
8 mg./ kg. protecting only part of the animals tested, whereas 2 mg./kg. of No. 
34-29 afforded protection in all of 4 preparations. No. 54-29 appeared to be 
slightly more active than No. 313-C-47. 

A comparison of the 3 compounds with regard to the 3 basic screening pro- 
cedures can be seen in TABLE 1. 


Summary 


A 3-stage screening procedure has been described that yields information 
relevant to antiarrhythmic activity of drugs: first, measurement of the maximal 
driving rate of isolated auricle preparations provides for evaluation of activity 
on the refractory period; second, measurement of the duration of the P wave 
of the electrocardiogram gives a means for assessing changes in conduction 
velocity; third, a simple method has been described that enables direct evalua- 
tion of drugs for their ability to prevent or terminate arrhythmias electrically 
induced in intact dogs. 
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RELATION BETWEEN ATRIAL AND VENTRICULAR ANTI- 
ARRHYTHMIC ASSAY METHODS: RATIONALE 
FOR A SCREENING PROGRAM 


By Martin M. Winbury 
Schering Corporation, Bloomfield, N. J. 


The ultimate objective of a screening program is the selection of compounds 
potentially useful as clinical agents. This involves not only evaluation of the 
activity of the compounds but also evaluation of their undesirable properties. 
The assay methods upon which the screening program is based should have 
statistical validity and reasonably good correlation with clinical activity. It 
should be possible to study the side effects that might prevent or limit clinical 
use of the compounds concurrently with the activity. My purpose is to dis- 
cuss an approach to the screening of antiarrhythmic compounds that considers 
these factors simultaneously. 

This article is divided into 3 main sections: first, the selection of assay 
methods will be considered by comparison of the antiarrhythmic profiles for a 
number of compounds; second, a screening program based on 3 assay methods 
will be described, together with the results for a large number of compounds; 
and, third, the results will be analyzed, and suggestions will be made for in- 
creasing the efhciency of the screening operation. 


Antiarrhythmic Profile 


The ideal manner for characterizing the antiarrhythmic properties of a 
compound is the activity profile based on a number of assay procedures. This 
is not practical when a large group of compounds is to be studied in a reason- 
able length of time. Moreover, it is conceivable that the equivalent informa- 
tion can be obtained with a few carefully selected assay procedures. In order 
to explore this possibility, a group of compounds was studied by several 
antiarrhythmic assay procedures involving both the atrium and ventricle, as 
listed in TABLE 1, The isolated rabbit atrium (Dawes, 1946) and cat papillary- 
muscle procedures (Winbury and Hemmer, 1955a) are similar in principle, and 
they deperid upon changes in the “effective refractory period.” All of the 
other procedures involve experimental arrhythmias. 

The activity profiles for quinidine, procaine amide, and several other com- 
pounds are included in FiGuRE 1. Where it is known, the clinical activity 
also has been indicated. Actually, the most important criterion for the se- 
lection of antiarrhythmic assay methods is the correlation with clinical activity. 
The number of compounds active in this area, however, are not sufficient to 
permit a valid comparison. 

The results from the isolated atrium and isolated papillary muscle agree with 
each other and indicate that all of the compounds tested (quinidine, procaine 


amide, H, II, IV, V, and VI) increased the “effective refractory period.” 


These results have not been included in FIGURE 1 because they add little to 
the profile. 


The correlation between the results from the 2 atrial arrhythmia 
564 
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TABLE 1 
METHODS FOR Stupy OF ANTIARRHYTHMIC AcTIVITY* 


Atrium Ventricle 
1. Isolated rabbit — 1. Isolated papillary muscle—cat 
2. Injury-stimulation flutter—dog 2. CaCl: fibrillation—rat 
3. Aconitine fibrillation or flutter—dog 3. Cyclopropane-epinephrine extrasystoles— 
dog i 
4. Coronary ligation arrhythmia—dog 
5. Ouabain intoxication arrhythmia—dog 


* Details of these methods can be obtained from the following references: Atrium: 1—Dawes, 194: 
e y n L S: = yes, 6; 2—Rosen- 
blueth and Ramos, 1947a, b; and 3—Scherf, 1947. Ventricle: 1—Winbury and Hemmer, 1955a; 2 WNalinow. 4 
aeacee and Winbury and Hemmer, 1955b; 3—Cummings, 1952; 4—Harris, 1950; and 5—Winbury and Papierski, 
56. 


procedures was very high, suggesting that they measure similar properties of 
the compounds. There was reasonably good agreement between the cyclo- 
propane-epinephrine technique (Cummings, 1952) and the coronary ligation 
technique (Harris, 1950) for assessing ventricular antiarrhythmic activity. 
The calcium-induced fibrillation procedure in rats (Malinow ef al., 1953; and 
Winbury and Hemmer, 1955b) does not appear to be as selective among the 
compounds as are the other 2 procedures, and it is influenced by a variety of 
autonomic blocking agents. 

Marked differences were noted in the activity profiles of the compounds, 
indicating that no one assay procedure can predict adequately the over-all activ- 
ity of a compound. Of the 4 compounds active against all of the experimen- 
tal arrhythmias, only quinidine and procaine amide were also active against 
atrial and ventricular arrhythmias in man. Compound II (FIGURE 1) sup- 
pressed ventricular but not atrial arrhythmias in man. 

Some of the compounds appeared to be more selective for the atrium or 
ventricle in the experimental studies. For example, Compounds III and VI 
were active primarily on the atrium, whereas Compounds I and IV were active 
primarily on the ventricle. Compound III, active primarily on the experi- 
mental atrial arrhythmias, was inactive in man against atrial or ventricular 
arrhythmias. On the other hand, Compound I, active primarily on the experi- 
mental ventricular arrhythmias, was aclive against ventricular arrhythmias in 
man. It is interesting to note that all of the compounds with clinical activity 
suppressed the coronary-ligation arrhythmia. At the present time, however, 
it would be premature to consider this to be more than an associated fact. 


Screening Program and Results 


Assay methods. It is obvious that several assay methods, involving both 
atrial arrhythmias and ventricular arrhythmias, should be used for a full evalu- 
ation of antiarrhythmic activity (Winbury, Hemmer, and Wright, 1955c).. On 
the basis of experience with the various assay methods (TABLE 1), 3 of these 
were selected as the foundation for the screening program. Alrial antiarrhyth- 
mic activity was evaluated on flutter or fibrillation due to either injury and 
stimulation (Rosenblueth and Garcia Ramos, 1947a,b) or to aconitine (Scherf, 
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FicurE 1. Antiarrhythmic profile for quinidine, procaine, and several other compounds. The tests areas 
listed in TABLE 1. Activity is indicated by the solid black box, while inactivity is indicated by the cross-hatched 
box. When no box is present, data were not available. The results on coronary ligation for Compound I are 
from Lanzoni and Clark, 1955; the clinical result for the same compound is from Clark and Etsten, 1955; the 
cyclopropane-epinephrine data are from Cummings, 1952. Compounds are as follows: Q, quinidine sulfate; PA, 
procaine amide hydrochloride; I, MC-4112 (2-diethylaminoethylisonicotinamide hydrochloride); II, SC-3920 
(N-[y-isopropylaminopropy]]-a,a-diphenyl acetamide hydrochloride); III, SC-3323 (8-diisopropylaminoethy|-4- 
phenyl-4-tetrahydropyrancarboxylate hydrochloride); IV, SC-3755 (0-[4-chlorobenzyl] phenoxyacetamide hydro- 
chloride); V, SC-2919 (N,N, N’-triphenyl-N’-[8-diethylaminoethyl] urea hydrochloride); VI, SC-3412 (8-diethyl- 
aminoethy1-2,6-dimethyl-5, 6-dihydro-4H-pyran-3-carboxylate hydrochloride); VII, Sch-2684 
amino-allopregnane-38, 208-diol). 


16 a-cyclohexyl- 
1947). Ventricular activity was evaluated on the arrhythmias resulting from 
coronary ligation (Harris, 1950). These methods were selected for the following 
reasons: (1) activity is based on suppression of experimental arrhythmias simi- 
lar to those encountered in clinical practice; (2) the arrhythmias are reproduci- 
ble and independent of the autonomic actions of the compounds; (3) the end 
point, a reversion to sinus rhythm, is clear-cut; (4) each test animal can be used 
for assaying several compounds; (5) the methods permit quantitative or semi- 
quantitative evaluation of activity; and (6) it is possible to determine the maxi- 
mal tolerated dose and the type of side effect produced by the compound 
simultaneously with the activity. 

A brief description will be given of these assay methods as used in the screen- 
ing program. A/rial arrhythmias were produced in anesthetized open-chest 
dogs by injury (crushing with a hemostat) of a portion of the intervenous bridge 
of the night atrium followed by high-frequency faradic stimulation of the 
airium, This usually resulted in persistent atrial flutter, and the animal was 


Winbury: Atrial and Ventricular Assay Methods 567 


used for assay of compounds one-half hour after the flutter was initiated. Tf 
a persistent flutter could not be produced by injury and stimulation, a pledget 
of cotton saturated with 0.05 per cent aconitine nitrate was applied to the 
right atrium. This produced fibrillation or flutter within 10 minutes. After 
the arrhythmia was well established the test compounds were administered 
intravenously at the rate of 1 mg./kg. per minute until the arrhythmia reverted 
to sinus rhythm or until a total of 16 mg./kg. had been administered. Each 
compound was tested in at least 2 dogs. Under these circumstances it was 
possible to detect a threefold difference in potency between compounds. 

Ventricular arrhythmias were produced by the 2-step coronary-ligation tech- 
nique. The animals were used in the unanesthetized state 18 to 24 hours after 
the operation. The test compounds were administered intravenously in 5- to 
10 mg./kg. doses every 20 to 30 minutes until there was suppression of the 
arrhythmia (a 50 per cent reduction in the frequency of ectopic beats for at 
least 10 minutes) or until the appearance of side effects prevented further dos- 
age. 

When the screening program was initiated, all compounds were tested first 
on the atrial procedure, and on/y the more potent compounds (which had sup- 
pressed atrial arrhythmia at low dosage) were also tested for ventricular activity. 
In view of the data for Compound IV (F1cuRE 1), however, it became evident 
that one should not rely on the atrial or the ventricular test alone. Therefore 
the program was modified to include testing every compound for activity against 
both atrial and ventricular arrhythmias. As before, every compound was 
tested first for atrial activity. Then the maximal tolerated intravenous dose 
was determined in normal unanesthetized dogs. Finally, the ventricular anti- 
arrhythmic activity was determined in coronary-ligation dogs at the maximal 
tolerated dose. Careful observations were made in the unanesthetized dogs as 
to the nature of the side effects, since these can be of great importance in de- 
termining the ultimate usefulness of the highly active compounds. For exam- 
ple, the clinical evaluation of compounds III and VII (ricure 1) could not be 
completed because of the side effects. 

Activity classification of compounds. ‘The results fora series of 85 compounds 
tested for activity against atrial and ventricular arrhythmias are tabulated in 
TABLE 2. Active compounds were effective in each of 2 or more animals, and 
variable compounds were effective in some but not all of the animals. All of 


TABLE 2 


RESULTS FOR 85 COMPOUNDS TESTED FOR ATRIAL AND VENTRICULAR 
ANTIARRHYTHMIC ACTIVITY 


Ventricle 
Atrium a a i 7. | 7 Fi — e 
Active Variable | Pay ng nea Total 
INGE 0) Gree en arte cere CEa are erase 16 8 20 44 
Wari eee eee = ee Oe eka Tones, or S72 1 3 13 A 
Nava chive (s> lO mips) kia) ssmtays eee alae clo 3 = 6 0 a 18 . 4 7 
Tie ee oe Re eee he one Oat teen OK 11 51 85 
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the compounds with variable activity against ventricular arrhythmias (11) had 
some activity against atrial arrhythmias and were considered with the group 
having activity in both categories. On the other hand, compounds with vari- 
able activity in the atrial test were to a large degree (13 of 17) inactive in the 
ventricular test. Therefore, compounds that had variable activity on the 
atrium and that were inactive on the ventricle were considered of little interest 
and were classified with the inactive group. 

Considering each type of activity independently, 52 per cent of the com- 
pounds was active against atrial arrhythmias, compared with 40 per cent of 
the compounds active against ventricular arrhythmias. Twenty-eight of the 
compounds, 33 per cent of the total, were classified as active or variable in both 
categories. Twenty-four per cent were active only on the atrium, and 8 per 
cent were active only on the ventricle. 

Relationship between effective atrial and ventricular doses. FIGURE 2 shows no 
obvious correlation between the effective atrial doses and the effective ventricu- 
jar doses. This relationship appears to be a random distribution. The ratio 
effective ventricular dose 

effective atrial dose 
cent of the compounds (17 of 28) having a value above 1. 

The 6 compounds active only on the ventricle have been included in FIGURE 2 
for comparative purposes. It is significant that all of the compounds active 
only on the ventricle (O) required more than 21 mg./kg. to block the ventricu- 
lar arrhythmia, whereas 26 of the 28 (93 per cent) compounds active in both 
tests (@) required a dose Jess than 21 mg./kg., suggesting a sharp distinction 
between the 2 classes of compounds. The significance of this difference is not 
clear except that the compounds active on the ventricle at a low dose are more 
likely to be active on the atrium as well. 

Side effects and safety margin. Early in these studies it became evident that 
the major limitations of antiarrhythmic compounds were the toxic effects and 
the low safety margin. For example, the majority of compounds that were 
effective against ventricular arrhythmias produced side effects in the unan- 
esthetized dog with the effective ventricular dose (FIGURE 2, © or ®). Only 6 
of the 28 compounds active in both categories were without side effects when 
the ventricular arrhythmia was reverted to normal sinus rhythm. Of the 
compounds active only on the ventricle, 3 out of 6 were not toxic at the effec- 
tive dose. Thus, from the standpoint of ventricular activity, most of these 
compounds were of little clinical interest because the maximal tolerated dose 
was required to suppress the arrhythmia. 

Thus far the side effects have been considered in relation to the ventricular 
antiarrhythmic activity. It is now of interest to consider the relationship 
between the effective atrial dose and the maximal tolerated dose (FIGURE 3), 
regardless of the activity in the ventricular assay. The situation is more favor- 
able in this comparison since 74 per cent ( 


.....: (maximal tolerated dose 
safety margin C — —— ) greater than 1 for atrial activity, com- 


ranged from 0.3 to as high as 8, with about 60 per 


31 of 42) of the compounds have a 


effective dose 
pared with 21 per cent (6 of 28) of the compounds for ventricular activity. 
This difference is a reflection of the higher dose required to suppress the ven- 
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VENTRICULAR DOSE 
mg./kg. 


92 


te} a 4 6 8 10 12 14 16 INACTIVE 


ATRIAL DOSE mg./kg. 


FIGURE 2. Relationship between the effective atrial dose and the effective ventricular dose. Compounds 
active against both types of arrhythmia are indicated by solid circles @; compounds active only on the ventricle 
are indicated by open circles O. Adoublecircle © or © indicates that side effects were produced by the effective 
ventricular dose. The broken horizontal line at 21 mg./kg. is the point of separation between the 2 groups based 
on ventricular dosage. The vertical line separates the group that is inactive on the atrium. 


tricular arrhythmia for many of the compounds. From the clinical standpoint, 
a safety margin of at least 3:1 is desirable. A total of 12 compounds, approxi- 
mately 29 per cent, have a safety margin equal to or greater than 3:1 (indicated 
by the oblique dashed line in riGuRe 3) for atrial activity. There are no com- 
parable data available for ventricular activity, except for Compound I, 
(gIGURE 1) which has about a fourfold safety margin for ventricular activity 
(Winbury and Papierski, 1956). 
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MAXIMAL TOLERATED DOSE 
32 mg./kg. 


@ ‘ 


ie) 2 4 6 8 10 12 14 6 


ATRIAL DOSE mg./kg. 
FicurE 3. Relationship between the effective atrial dose and the maximal tolerated dose. Compounds 


active against only atrial arrhythmias are indicated by solid circles @, while compounds active against both atrial 
and ventricular arrhythmias are indicated by open circles ©. The oblique dashed line is the 3:1 safety margin. 


Analysis of Data and Revision of Program 


Relation of atrial activity to ventricular activity. The data have been analyzed 
in TABLE 3 on the basis of the dosage required to suppress the ventricular ar- 
rhythmia or to produce toxic effects in the unanesthetized dog. The 2 distinct 
classes of compounds with ventricular antiarrhythmic activity are clearly 
shown. Those (26 of 28) requiring 21 mg./kg. or less to suppress the ventricu- 
lar arrhythmia also have atrial antiarrythmic activity, whereas those (6) 
requiring more than 21 mg./kg. are inactive on the atrium. Certain distinc- 
tions in dosage were also noted among the compounds inactive against ven- 
tricular arrhythmias. Nineteen of the 20 compounds active only on the atrium 
had a maximal tolerated dose of less than 25 mg./kg. The proportion of com- 
pounds exceeding this maximal tolerated dose increased sharply in the group 
with no antiarrhythmic activity (8 of 18). 

These data permit the following predictions about the atrial activity of a 
compound after the studies on ventricular arrhythmias and toxicity have been 
completed: (1) if the compound be active on the ventricle at 21 mg./kg. or 
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TABLE 3 
ANALYsIS OF Data on Basis oF DosacE 


Ventricle 


| ag | - Total 
at =21 | at >21 at =15 16 to 25 > 20 
mg./kg. mg./kg. mg./kg. mg./kg. mg./kg. 


Atrium Active or variable Inactive (side effect) 


BePIVEs a pcktvas Tate Meets oe 23 1 11 8 1 4 

PME ee ee Nain he So Sad cme 3 1 fi 4 2 7 

Inactive at 16 mg./kg........... 0 6 9 1 8 24 
CT oe ies 27 13 11 85 


less, the probability is very high (26 of 26) that it will be active on the atrium 
as well; (2) if the dose required to suppress the ventricular arrhythmia be 
more than 21 mg./kg., the probability is reduced to 25 per cent (2 of 8) that 
it will also have atrial activity; (3) if the maximal tolerated dose be less than 
25 mg./kg., there is a 1:1 chance (19 of 21) for atrial activity among the com- 
pounds inactive on the ventricular test; and (4) if the maximal tolerated dose 
be more than 25 mg./kg., the probability for atrial activity is about 1 in 10. 

One must keep in mind that the doses discussed are related to the type of 
compound studied. It may be necessary to modify the absolute values for 
different types of compounds. This can be done only after one has gained fa- 
miliarity with the activity of some of the compounds and has decided upon 
arbitrary values for the maximum dosage that is of interest. 

Revised program. Now that certain predictions about atrial activity can be 
made on the basis of the dose-producing reversion of the ventricular arrhyth- 
mia or the dose-producing side effects, it is possible to increase the operational 
efficiency of the screening program by making a change in the order of testing, 
giving precedence to those compounds most likely to have effect on both the 
atrium and the ventricle. The proposed revision is given in schematic form 
in FIGURE 4. In practice, each compound should be put through the first 2 
tests routinely before any decisions are made about future tests. It is im- 
portant to determine the maximal tolerated dose in normal unanesthetized 
dogs in order to prevent loss of the more valuable coronary-ligation dogs. 
From a practical standpoint nothing is gained by exceeding 25 mg./kg. in step 
1 since multiples of this dose can be given to the coronary ligation animals if 
necessary (step 2). 

The maximal tolerated dose (up to 25 mg./kg.) is administered intravenously 
to dogs with a ventricular arrhythmia at 30-minute intervals until suppression 
of the arrhythmia occurs or side effects appear. A compound is considered to 
be active when there is a 50 per cent reduction in the frequency of ectopic beats 
for at least 10 minutes. 

The compounds are now divided into 3 groups and are assayed for atrial 
activity in the order of their importance. Primary attention is focused on 
the compounds active against the ventricular arrhythmia at a dose less than 
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Determine atrial activity ? Determine atrial activity at 
and calculate safety margin aise 1/3 maximal tolerated dose 


FicureE 4. Revision of antiarrhythmic screening program. 


21 mg./kg. (step 3A, FIGURE 4). Of secondary importance are the compounds 
active against ventricular arrhythmias at a dose greater than 21 mg./kg. (step 
3B, FIGURE 4). In both cases the atrial activity should be determined quan- 
titatively, and the safety margin should be calculated. After these data have 
been obtained it is possible to reach a decision about future studies on the 
compounds. 

When time is available the compounds inactive on the ventricular test can 
be studied (step 4, FIGURE 4). Compounds with a maximal tolerated dose 
above 25 mg./kg. should be studied last because they are least likely to have 
atrial activity. Since the minimum safety margin of interest is 3:1, the atrial 
activity should be determined at one third of the maximal tolerated dose. 
Compounds not active in the atrial test at this dose would be of no further 
interest. This proposed scheme, therefore, takes into account not only the 
activity of the compounds, but the toxicity as well, and it enables early elimi- 
nation of compounds with undesirable side effects or a low safety margin. 


Summary 


The activity profiles for quinidine, procaine amide, and other compounds 
indicate that several antiarrhythmic assay procedures involving both the 
atrium and the ventricle should be used for characterizing compounds. Ac- 
cordingly, a screening program has been based on: (1) suppression of the atrial 
arrhythmia resulting from injury and stimulation or from aconitine; and (2) 
Suppression of the ventricular arrhythmias resulting from coronary ligation. 
The side effects are evaluated simultaneously with the activity. : 

Of a total of 85 compounds evaluated for antiarrhythmic activity, 33 per 
cent was active on both the atrium and ventricle, 24 per cent was active only 
on the atrium, and 8 per cent was active only on the ventricle. The majority 
of compounds that were effective on the ventricle produced side effects at the 
dose that suppressed the ventricular arrhythmia. 


Certain predictions about atrial activity can be made on the basis of the 
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dose required to suppress the ventricular arrhythmia or to produce side effects. 
This permits a revision of the screening program for increased efficiency as 
follows: (1) determine maximal tolerated dose in normal dogs; (2) determine 
ventricular antiarrhythmic activity; (3) divide the compounds into 3 groups 
on the basis of the ventricular activity, and determine the atrial activity of 


each group in the order of its importance. 
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CORRELATION BETWEEN PHARMACOLOGICAL TESTS 
AND CLINICAL TRIAL 


By Luther L. Terry 


Vinic of ict peri rapeuti Jali Institute, National 
li General Medicine and Experimental Therapeutics, National Heart , 
ree ee of Health, Public Health Service, Department of Health, Education, 
and Welfare, Bethesda, Md. 


If I should begin by stating that any discussion relative to thé pharma- 
cological methods of screening antiarrhythmic agents is useless, I should no 
doubt be provocative. On the basis of past experience in this field, however, 
I should also, in a sense, be correct. It is well known to all of us that the 2 
antiarrhythmic agents of greatest clinical usefulness were not the product of 
extensive pharmacological screening. The effect of quinidine, the first of these, 
on cardiac arrhythmias was the result of chance observation in the clinic when 
it was being administered for other purposes.' Furthermore, procaine amide, 
the other agent, was selected on the basis of clinical screening from among 
a number of analogues having a similar order of effectiveness on cyclopropane- 
epinephrine-induced arrhythmias in the dog. Thus our productiveness in the 
field of screening antiarrhythmic agents is not impressive. 

In pointing out the foregoing facts I do not wish to point the thin, incrimi- 
nating finger of the clinician at the pharmacologist. I do wish, however, to 
make the point that in the field of antiarrhythmic agents there is great discrep- 
ancy between laboratory-based predictions and clinical results. 

Another investigator whose work is represented in this publication, M. M. 
Winbury, with M. L. Hemmer’ has pointed out that no single experimental 
procedure can be used to predict general antiarrhythmic activity. Certainly, 
the antifibrillatory action of a drug is not something that can be neatly cate- 
gorized in a pharmacological sense, as can ganglionic blockade, for example. 
There is no single chemical structure to which this property may be assigned. 
DiPalma* has pointed out that the one feature that antiarrhythmic agents 
have in common is “the property of being able under appropriate circumstances 
to depress some physiologic function of heart muscle in such a way as to favor- 
ably affect the course of an arrhythmia.” 

A vast number of chemical substances has been shown to have some anti- 
arrhythmic activity in animals. These substances have been found among 
the antimalarials, local anesthetics, antispasmodics, sympathomimetics, and 
antihistaminics. ‘They vary from other drugs such as quinidine and procaine 
amide, which depress conduction and rhythmicity, prolong the refractory 
period, and block conduction, to mephentermine sulfate, a sympathicomimetic 
amine that has essentially a diametrically opposite action on the heart.® © 
Every pharmacologist who has worked in this field has been distressed by the 
large number of substances that have shown a significant degree of ‘anti- 
arrhythmic activity in the laboratory. For example, recent screening tests 
performed in the laboratories of the National Heart Institute, Bethesda, Md., 
revealed that 23 of 26 quinolinemethanol compounds and 16 of 17 piperidyl- 
quinolinemethanols showed some protection against experimental arrhythmias 
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in dogs.” Actually, several of these compounds showed an antiarrhythmic ac- 
tivity anda low toxicity that made them comparable to quinidine. In the 
face of such results it is no wonder that the pharmacologist is distressed. His 
big problem, then, is which of the substances to study further, and in what 
manner. 

The experimental study of antiarrhythmic drugs is confined to artificial 
preparations that bear an unknown degree of similarity to the arrhythmias of 
man. Significant cardiac arrhythmias do not occur naturally in animals. The 
fact that an experimental preparation is not a natural occurrence does not 
necessarily invalidate its usefulness. The experience in utilizing animals for 
evaluating the effects of antibiotics in various artifically produced infections is 
a case in point. It is generally felt, however, that one of the greatest obstacles 
to the experimental study of congestive heart failure is the lack of an entirely 
satisfactory preparation in working with experimental animals. I strongly 
suspect that our problem in cardiac arrhythmias is more like the problem of 
experimental congestive heart failure than the problem of experimental evalua- 
tion of antibiotics. 

Probably the greatest concern relative to the testing of drugs pertains to the 
marked difference in the response of various species of animals to the same 
drug. This difference holds true between the species of lower animals, but it 
holds especially true between the lower animals and man. An example of this 
difference can be cited from recent experiences in the National Heart Institute 
laboratories with an antihypertensive agent. This substance, an alkaloid 
derived from Ormosia panamensis, was shown to be a potent hypotensive agent 
when tested in normotensive dogs. In cats, this substance was effective in 
comparable doses, but not consistently. In rabbits, the agent was not only in- 
effective as a hypotensive agent but actually showed a hypertensive response. 
When given to man, the preparation showed no hypotensive response at any 
dose level, and there was a suggestion of a mild hypertensive response in 
patients with essential hypertension. The per-kilogram dosage in man was 
5 times the invariably effective dose in dogs, and was 25 per cent greater 
than that producing respiratory paralysis. In man, however, the drug was 
clinically ineffectual and did not produce any significant toxic manifestations. 

The conflicting results obtained with an analogue of procaineamide, MC 4112 
(2-diethylaminoethylisonicotinamide) is an example of some of the problems 
encountered in the laboratory and clinical evaluations of antiarrhythmic agents. 
Lanzoni and Clark? reported suppression of ventricular arrhythmias in dogs, 
following coronary ligation, in doses comparable to procaine amide, and other 
pharmacological tests showed similar results. Clark and Etsten!? reported 
suppression of ventricular arrhythmias by MC 4112 in 6 patients, with no sig- 
nificant side effects other than transient hypotension. 

The experience in the National Heart Institute with MC 4112 has been quite 
different". In dogs, the dose protective against chloroform-epinephrine- 
induced arrhythmias was 55 to 150 mg./kg. for MC 4112, as compared to 1 to 
30 mg./kg. for procaine amide and 1 to 4 mg./kg. for quinidine. Similar 
experiments in cats gave values of 500 to 900 mg./kg. for MC 4112, 10 to 200 
mg./kg. for procaine amide, and 10 to 50 mg./kg. for quinidine. 
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Clinical testing of this substance has also yielded disappointing results. 
Thirty-two adult subjects with various abnormalities of cardiac rhythm were 
given MC 4112 by intravenous infusion at rates of 32 to 166 mg./min. for a 
total dose of 0.38 to 2.7 gm. Twenty of 22 patients with ventricular arrhyth- 
mias failed to respond to MC 4112. Four of these patients did show a tempo- 
rary decrease in premature ventricular contractions (PVC) but without 
complete suppression. Nine patients of this group were tested on a different 
day with procaine amide, and 8 of them showed complete suppression of PVC. 
Actually, with MC 4112 there was a marked increase in the number of PVC in 
9 patients, 1 of whom showed a transient episode of bigeminal rhythm. Ten 
patients with atrial arrhythmias were treated with MC 4112 without detectable 
antiarrhythmic effect, and 3 others developed PVC that had not been present 
under control conditions. Three of the group of 10 were also given procaine 
amide, without effect. Three patients were subsequently converted to normal 
rhythms, 2 of them following 0.6 and 4.0 gm. of quinidine, and the third after 
1.6 mg. lanatoside C, administered intravenously. 

Thus one can see that, even with modern techniques of pharmacological 
testing, there may be considerable differences in the evaluation of an agent, 
whether the work is based on various test preparations or even on studies in 
man. Maybe there was great wisdom in the royal courts of past centuries in 
utilizing human test objects, rather than lower animals, as ‘‘food-tasters,” 
as a protection against poisoning. 

A few words might be said about the selection of suitable cases for the clinical 
testing of antiarrhythmic agents. The long-standing atrial arrhythmias, 
especially atrial fibrillation, are notoriously resistant to all drugs and, conse- 
quently, are poor cases for the initial evaluation of a drug. Since quinidine 
and/or procaine amide are usually used as our comparative test substances, 
and since they are so infrequently successful in these chronic cases, it seems 
unwise to use these patients until the test drug has been shown to have some 
antiarrhythmic activity in man. The clinician also has to consider the danger 
of conversion to a normal rhythm of these long-standing cases of atrial fibril- 
lation. Atrial flutter is not such a problem. The number of cases of flutter 
is relatively small, and these cases are commonly of fairly recent origin. Em- 
bolic complications are relatively infrequent following conversion, and such 
cases are commonly regarded as good test objects for antiarrhythmic agents. 

Most paroxysmal rhythm disturbances are unpredictable in duration and 
may revert fo a normal rhythm at any time without attributable cause. This 
unpredictability renders any evaluation of cases of this type extremely haz- 
ardous unless one has a large number of such cases. Many a clinician has 
been startled by the potency of a therapeutic agent that “resulted” in the 
conversion of a paroxysmal tachycardia while he was withdrawing the drug 
from the ampule in the nursing office. Some cases of paroxysmal tachycardia, 
particularly those of long standing, are satisfactory subjects for the evaluation 
of drugs. These cases are increasingly valuable if they have been shown to be 
resistant to, or to escape from, our usual therapeutic agents. We have recently 
studied a case that we considered an almost ideal one. This patient developed 
ventricular tachycardia following a myocardial infarction that responded to 
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procaine amide, and further paroxysms could be prevented by quinidine 
Several months later, when this case came under our observation paroxysms 
could be precipitated within a few hours by withdrawing quinidine and these 
attacks were never known to subside spontaneously. Some of fhese seizures 
had lasted for more than 24 hours. Fortunately, the patient had a good car- 
diac reserve and could tolerate the paroxysms without great risk. Quinidine 
was withdrawn on several occasions, and the attacks were “titrated” with 
procaine amide and experimental drugs. The patient invariably responded 
to 600 to 800 mg. of procaine amide intravenously during attacks. Patients 
such as this one are very rare, but when they appear they are of tremendous 
value to a drug-appraisal program. 

Premature ventricular contractions (PVC) are often used as a basis for the 
evaluation of an antiarrhythmic agent. In most patients, PVC are so un- 
predictable that they constitute a hazard to drug testing. A few patients will 
show an amazing consistency of PVC in the absence of an obviously responsible 
drug, and thus are good test subjects. Even so, one must be extremely cau- 
tious in interpreting results obtained from patients of this type. 

For the initial screening of antiarrhythmic agents, one is usually content to 
use cases with (1) established but not long-standing atrial fibrillation, (2) atrial 
flutter, (3) established paroxysmal tachycardia, and (4) frequent PVC that are 
consistent from day to day. The more difficult cases may be used for test 
purposes after initial activity has been demonstrated. 


Summary 


The search for antiarrhythmic agents must continue, even though current 
methods of screening have failed to yield results directly applicable to man. 
No single experimental procedure can be utilized to predict clinical usefulness. 
It is apparent, therefore, that more than one test procedure should be used. 
In addition to antiarrhythmic qualities, these tests should be devised to reveal 
the mode of action and metabolic fate of the drug. They should also yield 
information pertaining to its toxicity on acute administration. 

Since test procedures can give only suggestive evidence of a drug’s anti- 
arrhythmic activity in man, greater emphasis should be placed upon early 
clinical screening of promising agents. Patients used for such clinical screening 
should have arrhythmias that are consistent from day to day, and they should also 
have a known responsiveness to accepted antiarrhythmic agents such as quini- 
dine and procaine amide. Test substances should be evaluated in both atrial 
and ventricular arrhythmias. It is felt that meaningful data could be obtained 
rapidly by the intravenous administration of an experimental drug in a group 
of carefully selected patients kept under close observation. 

Screening of experimental drugs for chronic toxicity is an expensive and 
time-consuming procedure. If testing is confined to those agents that are 
metabolized fairly rapidly and have shown a wide spread between the effective 
dose and the toxic dose in animals, one can safely expedite and simplify the 
procedure. Chronic toxicity studies would then be confined to those agents 
that have been shown to have significant antiarrhythmic activity in man. 
Thus one would be able to test a larger number of agents with the same experi- 
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mental facilities and also be able to concentrate study on those agents that 
promise to have real clinical usefulness. 
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PartIV. Atherosclerosis 


INHIBITORS OF CHOLESTEROL BIOSYNTHESIS AND THE 
PROBLEM OF HYPERCHOLESTEROLEMIA 


By Daniel Steinberg and Donald S. Fredrickson 


National Heart Institute, National Institutes of Health, Public Health Service, 
Department of Health, Education, and Welfare, Bethesda, Md. 


It is generally agreed that, whatever the basic causes of atherosclerosis may 
be, hypercholesterolemia is almost certainly a predisposing or contributory 
factor in its pathogenesis. The causes of hypercholesterolemia and the nature 
of its role, direct or indirect, in atheroma formation remain matters of con- 
jecture. Still, the well-documented correlation between atherosclerosis and 
hypercholesterolemia, measured directly or in terms of lipoprotein concen- 
trations, would seem to justify the intensive efforts being made by many 
investigators to find means of decreasing serum-cholesterol levels. With in- 
creasing knowledge it may well develop that treatment of hypercholesterolemia 
per se represents little more than a kind of “symptomatic” treatment, but at 
present this treatment offers itself as one of the few available approaches to an 
enigmatic and terrible disease. 

Serum-cholesterol levels might be decreased in the following general ways: 
(1) decrease in dietary intake of cholesterol; (2) decrease in intestinal absorp- 
tion of cholesterol; (3) increase in excretion or destruction of cholesterol; (4) 
alteration in dietary intake of metabolites determining serum cholesterol levels 
(for example, noncholesterol components of the lipoproteins); (5) alteration 
in tissue-blood partition of cholesterol; and (6) inhibition of endogenous cho- 
lesterol synthesis. 

The last approach, through inhibition of endogenous cholesterol biosynthesis, 
has received little attention so far, probably because the pathway of biosynthesis 
has only recently been outlined in any detail. The past few years have seen 
remarkable advances in the elucidation of this pathway, and it should be in- 
creasingly possible rationally to select and screen potential inhibitors. 

What is the likelihood that inhibition of synthesis will lead to a fall in serum- 
cholesterol levels? Until more is known about the homeostatic mechanisms 
regulating serum levels, an unequivocal answer is not possible, but the following 
considerations may be pertinent. The isotopic studies of London and Ritten- 
berg! show that the half-time of serum cholesterol in man is approximately 1 
week. The studies of Gould? and his co-workers showed that serum choles- 
terol is in very rapid isotopic equilibrium with red-cell cholesterol and liver 
cholesterol, whereas the other body pools of cholesterol probably turn over at 
a considerably slower rate. Consequently, in calculating the total daily re- 
placement of cholesterol, the observed half-time for serum cholesterol should 
be considered to apply as well to the total serum-liver-red-cell pool. The total 
cholesterol represented in this pool in the average man is of the order of 15 
gm. Assuming a half-time of 1 week, this pool turns over at the rate of 10 per 
cent per day, or 1.5 gm. per day. Since the average daily dietary intake of 
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cholesterol is about 0.5 gm., at least 1.0 gm. must be contributed daily by en- 
dogenous synthesis, neglecting contributions from extrahepatic tissues. If it 
were possible to effect even a 10 per cent decrease in the rate of 
synthesis without change in dietary intake, and if the decreased rate of syn- 
thesis were not compensated for by a decrease in the rate of degradation, the 
result should be equivalent to the removal of about 0.1 gm. of cholesterol daily 
from the pool. If the decrement in pool were reflected equally in liver and 
serum pools (presumably the cholesterol of the red blood cells would not change 
markedly) this would effect somewhat more than a 1 per cent daily decline in 
serum-cholesterol concentration, or a 28 per cent fall in 4 weeks. Clearly, the 
assumptions made in this oversimplified calculation are approximations. T he 
true half-time of serum cholesterol may be considerably greater than 1 week, 
according to Hellman, Rosenfeld, and Gallagher.’ At least 1 type of homeo- 
static mechanism has already been shown to operate in the control of choles- 
terol metabolism; namely, the dependence of synthetic rate on the level of liver 
cholesterol. Almost certainly there are others. For example, the processes 
by which cholesterol is incorporated into lipoproteins and by which these 
lipoproteins are introduced into and removed from the serum all represent 
potential sites of control. In any case, it appears from these rough calculations 
that endogenous synthesis adds considerably more cholesterol to the body 
stores daily than does the dietary intake, and an attempt to reduce this con- 
tribution by the exhibition of appropriate inhibitors seems to merit investi- 
gation. 

The highly abbreviated scheme shown in FIGURE 1 summarizes the pathway 
of cholesterol biosynthesis as it is presently understood. Actually, the reactions 
leading from acetoacetate to the branched-chain precursor dimethylacrylic acid 
(steps indicated at 3 in FIGURE 1) are now fairly well established, although by 
no means unequivocally defined.® The reactions by which squalene is cyclized 
and “‘tailored”’ to yield cholesterol (steps indicated at 5 in FIGURE 1) are likewise 
being elucidated, and several steps have recently been firmly established by 
Clayton and Bloch. Now that the structures of many of these intermediate 
compounds are known, a search for effective analogues becomes a rational 
procedure, and current work in this laboratory is directed along these lines. 

Studies on o-phenylbutyric acid.-* Cottet and his co-workers reported 
obtaining significant decreases in serum-cholesterol levels of normal rats! and 
of hypercholesterolemic patients" by feeding the sodium salt of a-phenylbutyric 
acid. The mechanism of action was not established. This compound can be 
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Ficure 1. Outline scheme of the pathway for cholesterol biosynthesis. 
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_ Ficure 2. Effect of a-phenylbutyrate on 1-C*s-acetate oxidation and incorporation into cholesterol by rat- 
liver slices. 0 = control slices incubated under O» at 37° C. in Krebs-Ringer phosphate buffer, and A = 1 X 1073 
M a-phenylbutyrate added. 


considered in a sense as an analogue of a 5-carbon branched-chain acid in which 
the phenyl group replaces a methyl group. We undertook to explore the 
possibility that the preparation might inhibit cholesterol biosynthesis at this 
level (step 3 or step 4 of FIGURE 1). Jn vitro studies with rat-liver slices showed 
that this compound did, in fact, inhibit the incorporation of 1-C'4-acetate into 
cholesterol. In some experiments such as that shown in FIGURE 2, oxidation 
of acetate to CO» was virtually unimpaired. In other experiments, CO: pro- 
duction was depressed to varying degrees but, on the average, to a much smaller 
extent than cholesterol synthesis. 

It soon became apparent that a-phenylbutyrate was not acting as a branched- 
chain acid analogue. As shown in TABLE 1, incorporation of 1-C'-acetate into 


TABLE 1 
In Virro EFFECTS OF a-PHENYLBUTYRATE 


Acetate incorporation (104 counts per minute/gram slices) 
Oz Uptake | pena Ss 


a-Phenylbutyrate (a. /e. fhe.) = 
CO: Acetoacetate| Cholesterol | Fatty acids 
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PC 10 Mes: | Page ea | esa le ne 
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Per cent inhibition........ 0 31% | 51% | 41% | 46% 
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fatty acids and acetoacetate was inhibited to about the same extent as yee 
incorporation into cholesterol, suggesting that the site of action lay at an Ae 
step common to both cholesterol and fatty-acid synthesis. Tins could e 
either the activation of acetate to form acetyl-coenzyme A (“‘active” acetate) 
or the formation of acetoacetate from 2 moles of acetyl-coenzyme A (steps 1 
and 2 of FIGURE 1) or both. No clear choice between these possibilities could 
be made on the basis of the data when available, but the studies of Avigan, 
Quastel, and Scholefield” on other aromatic acids and the reported effectiveness 
of the drug made step 2 seem more likely. me 

Sodium 6-phenylvalerate was studied 7 vitro in a similar manner, although 
less extensively and, like the a-phenylbutyrate, it appeared to have inhibited 
at suep Lior step.2. 

Meanwhile, iz vivo studies in the rat were undertaken. In an attempt to 
magnify any effects on the endogenous rate of cholesterol synthesis, these 
animals were placed on a cholesterol-free diet consisting of finely ground, all- 
vegetable rabbit pellets. Food intake was determined, and a-phenylbutyrate 
was added to the food of a group of 20 rats at a level giving a daily intake of 
150 to 200 mg./kg. Another group of 20 rats receiving the rabbit-pellet diet 
only served as controls. These diets were continued for 7 weeks. Exactly 2 
hours before sacrifice, each animal was given 25 uc. of 1-C-acetate intraperi- 
toneally. Total serum-cholesterol levels and the specific activity of total liver 
cholesterol were determined. As shown in TABLE 2, there was no significant 
difference in serum-cholesterol levels between the groups. The treated group 
did, however, show almost a 25 per cent inhibition in rate of 1-C'*-acetate in- 
corporation into liver cholesterol. Several explanations for this apparent 
paradox—decreased rate of synthesis without decline in serum level—can be 
offered, of course, and some of these have been mentioned in the introductory 
paragraphs of this paper. In this case, however, it was necessary to consider 
the possibility that all or most of the inhibition of acetate incorporation might 
be due to inhibition of acetate activation. As indicated in F1cuRE 1, the major 
foodstuffs, by known reactions, can provide precursor material for cholesterol 
synthesis without the obligatory participation of free acetate. Consequently, 
inhibition of acetate activation would not necessarily influence the net con- 
version of the primary metabolic building blocks to cholesterol, but it would 
decrease the rate of appearance of free acetate in cholesterol. In other words, 
“rate of synthesis” as measured in terms of the rate of C“-acetate incorporation 
would not be a true reflection of “rate of synthesis” in terms of mass of new 
cholesterol produced per day. 

Recent studies in collaboration with Richard Masters have shown that 
acetate activation is indeed inhibited by a-phenylbutyrate. Using a partially 
purified preparation of aceto-CoA-kinase complex from yeast, we have ob- 
served a 69 per cent inhibition in the rate of acetyl-coenzyme A formation 
in the presence of 10-2 M sodium phenylbutyrate."4 

As mentioned above, inhibition at both step 1 and step 2 in FIGURE 1 would 
also be compatible with our data. Step 2, the 6-ketothiolase reaction, was 
investigated by testing for inhibition of butyrate oxidation by Clostridium 
kiyveri. This system is convenient because the reaction pathway is limited, 
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TABLE 2 
CHOLESTEROL SYNTHESIS AND SERUM LEVELS IN Rars Fep a-PHENYLBUTYRATE 


| 
Specific activity of liver 


Serum cholesterol 
cholesterol 


| 
| mg. % counts per minute/mg. 


COTE TING) Mew Soe eees pele ae ee re Sr | 
ERT ES Re eal ag ee ea ea | 30°5 636 
EMECRGOMIELENCE. < can15 00 oe elk ee sce. 08 24.3% 


*p < 0.001. 
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TABLE 3 
BuTYRATE OXIDATION IN Driep CELLS OF CLOSTRIDIUM KLUYVERI 


Acety] phosphate 


a-Phenylbutyrate Oxygen uptake (uM) formed (uM) Acetoacetate formed (uM) 
None 16.3 one 12 
1X 107M 1720 8.3 thea 


and one of the products, acetylphosphate, accumulates in stoichiometric 
amounts.’*'® Jf the splitting of acetoacetate were inhibited (the reverse of 
step 2) there should be an accumulation of acetoacetate and a decreased yield 
of acetylphosphate. As shown in TABLE 3, this was not the case even at a 
concentration of a-phenylbutyrate 10 times that effective in the liver-slice 
system. 

Interpretation of isotope-incorporation rates. Measurement of synthetic rates 
in terms of rate of incorporation of labeled precursors is a widely used proce- 
dure. In many laboratories, the rate of C'4-acetate incorporation into lipids 
both in vitro and in vivo is assumed to be proportional to the rate of lipid syn- 
thesis. This may be valid in most cases, but it should be emphasized that 
there are many unproved implicit assumptions underlying this procedure. The 
first assumption is that the free-acetate pool is equal in contro] and experimen- 
tal preparations. In its pathway to cholesterol, the C'-acetate passes through 
a long series of intermediate forms. Dilution of the radioactivity occurs at 
each step and, especially when inhibitor substances are employed, there is no 
assurance that the pool sizes of these intermediates will be equal in control and 
experimental groups. If the concentration of an intermediate is doubled as a 
result of partial block of the next reaction but, due to the increased concen- 
tration of precursor, the net rate of the reaction is now not actually altered, 
the initial rate as measured isolopically will nevertheless appear to be cut in 
half. Another important potential source of error arises from the manifold 
pathways that acetate can take. Variations in the rates along these pathways, 
especially such a major pathway as oxidation to COs, will markedly influence 
the rate at which the specific activity of the common precursor, acetyl-coen- 
zyme A, will fall. In other words, the radioactivity available for incorporation 
into lipid will be falling at different rates, and this will be reflected in the ap- 
parent “rate of lipid synthesis.” Finally, there is the kind of difficulty en- 
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countered in the present studies where inhibition of a reaction necessary to 
introduce the labeled acetate into the biosynthetic mainstream, but not inte- 
gral to the net biosynthesis of the material under investigation, may yield an 
apparent, rather than a real, inhibition of synthesis. 

Clinical studies. Cottet, Mathivat, and Redel!' reported falls in serum 
cholesterol of as much as 40 per cent after 6 weeks’ treatment with a-phenyl- 
butyrate when the initial cholesterol levels were over 350 mg. per cent. Pa- 
tients with lesser degrees of hypercholesterolemia showed smaller percentage 
declines, and patients with normal cholesterol levels showed no significant 
response. The dosages used varied from 2.4 to 3.2 gm./day, and no side effects 
other than mild gastric upset were noted. We have attempted to repeat these 
clinical resuits, but thus far we have not observed any significant changes in 
the small group of patients studied. Because the French workers have found 
sodium 6-phenylvalerate to be somewhat more effective clinically,” we have 
studied a larger group of patients being treated with this compound, but again 
the clinical results have been disappointing and, to date, they fail to confirm 
the results of Cottet ef al. In order to minimize fluctuation in serum-choles- 
terol levels, 6 patients were studied in the hospital while on a constant liquid- 
formula diet. As shown in FIGURE 3, this technique, used so effectively by 
Ahrens’® at the Rockefeller Institute for Medical Research, New York, N.Y., 


SERUM CHOLESTEROL IN HYPERCHOLESTEROLEMIC HUMANS 
FED SODIUM PHENYLVALERATE 
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TABLE 4 


Errect oF 300-mc. Dose oF CHOLESTENONE ON Liprip SYNTHESIS IN Rats* 
10* counts per minute incorporated/gram liver slices 


| COs | Acetoacetate| Cholesterol | Fatty acids 
“TES 05 eae | 53 1.0 9.2 0.84 
Cholestenone fed (2)... 5-2. see ccs n sone 67 12 On 0.60 
PeECGnE SPMDICION Ga... ss.<. oe ees exe cn cd 0 0 95% 30% 
i 


*Three hundred mg. Atcholestenone in 3 ml. Wesson Oil 24 hours prior to sacrifice. Food was fed ad libi- 


tum. Controls received 3 ml. Wesson Oil. One-hour incubation of liver slices with 2-C!-acetate. 


stabilizes the serum cholesterol levels, and this method therefore should make 
it possible to observe even small changes when they are significant. Five 
additional subjects were studied in the outpatient department under careful 
instructions with regard to the maintenance of a constant dietary. Sodium 
8-phenylvalerate* was given in doses ranging from 70 to 100 mg./kg./day for 
periods up to 75 days. Treatment was interrupted in 2 patients who developed 
severe skin rashes. Of the remaining 9, only 1 patient showed any significant 
fall in blood cholesterol at any time during treatment. This patient’s choles- 
terol level dipped to the extent of about 25 per cent from the initial level, but 
this fall was not maintained.’ 

The reason for the discrepancy between our clinical results and those of 
Cottet’s group is not apparent. In the light of the animal studies and in vitro 
studies described above, however, clinical effectiveness would not be predicted, 
at least on the basis of the mechanisms investigated. The possibility that 
these compounds have an effect on blood-cholesterol levels mediated through 
some completely independent mechanism cannot be absolutely ruled out. 

Studies on A*-cholestenone. Tomkins, Sheppard, and Chaikoff* reported in 
1953 that the feeding of several steroids in large doses to rats could suppress 
strikingly the incorporation of acetate into cholesterol in the livers of these 
animals.!? The rate of conversion of acetate to CO» was not affected. One 
of the compounds studied, A*-cholestenone, is of particular interest since it is 
fairly well established that it cannot be converted to cholesterol.” *'. The 
mechanism by which this compound suppresses cholesterol synthesis has not 
been established. 

Because of this compound’s structural similarity to cholesterol, it seemed 
possible to us that it might act as an analogue in the later stages of cholesterol 
synthesis and inhibit reactions somewhere between squalene and cholesterol 
(step 5 in FIGURE 1), and we have therefore undertaken studies on the long- 
term effects of feeding this compound to rats. 

The results shown in TABLE 4 confirm those of Tomkins, Sheppard, and 
Chaikoff!® with respect to the dramatic inhibition of cholesterol synthesis 
without effect on CO» production. In addition, it will be noted that there isa 
lesser but significant suppression of fatty-acid synthesis, but no inhibition of 
acetoacetate formation. As shown in TABLE 5, even a dose one fifth that used 


i i ; ions used in these studies were kindly 
* The sodium a-phenylbutyrate and sodium f-phenylvalerate preparations used in 
furnished by heiapks, Inc., of Paris, France, and by Abbott Laboratories of Chicago, Ill. 
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TABLE 5 
r * 
Errect oF 60-mG. DosE OF CHOLESTENONE ON LIPID SYNTHESIS IN RATS 
10‘ counts per minute incorporated/gram liver slices 


| Cholesterol Fatty acids 
Control G) we tse cess eee ee | 1.06 0.30 
@holestenone ted! (3) yee eee eile | D. ne 
Pie Game malo, ongaanasconanrneebecssoroe: 94% 


* Sixty mg. A‘-cholestenone in 3 ml. Wesson Oil 24 hours prior to sacrifice. Fasted. Controls received 3 
ml. Wesson Oil. One-hour incubation with 2-C™-acetate. 
by Tomkins, Sheppard, and Chaikoff was still as effective in suppressing cho- 
lesterol synthesis. 

At this point it may be noted that since the labeled acetate appears to have 
been incorporated into acetoacetate at a normal rate, the difficulty in interpre- 
tation of isotopic results encountered in the phenylbutyrate studies does not 
arise. In this case, the tracer material is entering the mainstream of the bio- 
synthetic pathway at a normal rate, so the decreased incorporation into choles- 
terol can be interpreted to reflect a true decrease in the rate of net cholesterol 
synthesis, subject, of course, to the qualifications already discussed. 

A group of 50 rats was placed on a synthetic diet containing 1 per cent of 
A*-cholestenone.* After 2 weeks on the diet, it became evident that some of 
the experimental rats were not gaining weight as well as control rats on the 
same synthetic diet but without cholestenone added. After 40 days of feeding, 
3 of the experimental rats whose weight had not yet begun to fall off were 
selected for the studies summarized in TABLE 6. It will be seen that these 
animals had gained as well as their controls, and their food intake was likewise 
comparable to the controls. Still the serum-cholesterol level in these animals 
had dropped 44 per cent below that in the controls. By injecting labeled 
acetate 2 hours prior to sacrifice, we were able to show that the rate of choles- 
terol synthesis was markedly depressed. This result is important in demon- 
strating that these animals had apparently not been able to overcome or com- 
pensate for the inhibitory action of the drug on cholesterol biosynthesis. Fatty 
acid synthesis, as shown in TABLE 6, was also depressed. 

A most striking finding at autopsy was a remarkable hypertrophy of the 
adrenal glands in all of the experimental animals. As shown in TABLE 6, these 
adrenals were about 4 times the size of those in the controls. With continued 
feeding of the drug, weight loss became much more marked, and 22 per cent 
of the experimental animals had died by the end of 8 weeks. TABLE 7 sum- 
marizes the results on a group of animals sacrificed at 8 weeks. Because of 
the obvious toxicity in this group, these results cannot be interpreted rigorously. 
It will be noted, however, that the marked suppression of cholesterol synthesis 
appeared to persist, and that the serum-cholesterol levels of the experimental 
animals were again, on the average, about 40 per cent lower than those in the 
controls. The adrenal hypertrophy in these animals reached enormous pro- 


portions. On the average, their adrenal glands weighed 7 times those in the 


* We are indebted to Gordon M. 


° Tomkins and to P i. Pe Ss eer are 
N. J., for the A‘-cholestenone used in d to Preston L. Periman of Schering Corporation, Bloomfield, 


these studies. 


Steinberg & Fredrickson: Hypercholesterolemia 587 


TABLE 6 
EFFECTS OF 1 PER CENT A‘-CHOLESTENONE FED TO Rats ror 40 Days 


Cholest 
Control rats (3) eh @). Lh apeas 
Body weight (gm.)...... | 267 28 
od 1A oo era ee eae, Se ee 0* 
Wierehiscain (om), eee ee eee 137 143 tie 
Serum cholesterol (mg. per cent)............... 82 44 ~44% 
( 
1-C-acetate incorporation (liver) 
Nonsaponifiable lipid (counts per minute/gm.) . | 1020 220 —718% 
Saponifiable lipid (counts per minute/gm.).... 780 400 ~49% 
Adrenal weight (combined, mg.)............. | 58 278 +380% 
* Rats with best weights selected for isotope experiment. Group as a whole gained poorly. 
TABLE 7 
EFFECTS OF 1% A*CHOLESTENONE FED TO Rats FoR 8 WEEKS 
Control rats (6)) HOS aayme | digerenee 
aOtkys welg ies (pI) oo seer ee bia le boa sis SVS 241 —36% 
Weight satn(pur) 220 2). one beers aches ss > 244 103 538% 
serum. cholesterol (mig. %). . <0 2.5 ose ede sees: wal 43 —39% 
1-C'*-acetate incorporation* (liver) 
Digitonin-precipitable lipid (counts per minute 
fem)... Ot er eee eee ree 253 69 —73% 
Saponifiable lipid (counts per minute/gm.).... 5320 1320 —715% 
Adrenal weight (combined, mg.)............. 42 337 +700% 
Liver analyses 
Total nonsaponifiable lipid (mg./gm.)........| 6.5 15.0 +130% 
Total yield of digitonide (mg./gm.).......... 14.0 S716 +170% 
Cholesterol by Liebermann-Burchard reaction 
(mg. /G00.).- sas eee. eee eee vasa nene Dod 2.6 +18% 
Saponitable lipid (mg-/pm2) 5... 2.5. ee. 25.9 2d —18% 


* On basis of 15 wc. C!+acetate per 300 gm. body weight. 


control group. In FIGURE 4 are shown the adrenals from a treated animal as 
compared with those of a normal rat. This degree of adrenal enlargement 
appears to be far in excess of that obtained by even the most severe stresses. 
In view of the demonstrated inhibition of cholesterol synthesis, it seems highly 
likely that this hypertrophy may be, in part, secondary to a block in the nor- 
mal production of adrenal steroids for which cholesterol has been shown to be 
an important precursor. This possibility is currently under investigation. 
Analysis of these glands shows a reduction in cholesterol concentration and an 
accumulation of nonsaponifiable lipid. The nature of this lipid will be reported 
in further detail. 

Analyses of the livers showed a marked increase in the content of total 
nonsaponifiable lipid but no important change in the level of cholesterol per se. 
The accumulated nonsaponifiable lipid was digitonin-precipitable but did not 
give a positive Liebermann-Burchard reaction. It has been shown previously 
that At-cholestenone is converted to dihydrocholesterol as one of its major 


Ficure 4. Above: adrenal glands from a rat fed A‘-cholestenone for 8 weeks. Below: control adrenal 
glands from a rat of equal weight. 


end products.” ?! The properties of the extra-nonsaponifiable lipid in these 
livers is compatible with its being dihydrocholesterol. 

While these observations raise several interesting questions, particularly in 
reference to the effect of A*cholestenone on the adrenal gland, it is clear that 
at this high level therapeutic applications are out of the question. Preliminary 
studies in which rats were fed A*-cholestenone at a level of 0.1 per cent in the 
diet showed, however, that it is possible to affect the blood-cholesterol level 
without impairing normal growth and without causing adrenal hypertrophy. 
Before clinical application can be considered, the metabolism of the end prod- 
uct, dihydrocholesterol, must be closely investigated. Certainly there would 
be little virtue in producing dihydrocholesterol-containing atheromata in place 
of cholesterol-containing atheromata. Furthermore, Fieser®? has reported that 
the closely related compound, A®-cholestenone, yields on oxidation a derivative 
which is potentially carcinogenic. Still, these studies point the way to an 
approach which, with this or similar compounds, may eventually prove fruitful. 
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Summary 


It is suggested that an approach to the problem of hypercholesterolemia 
through inhibition of the rate of endogenous synthesis is feasible. 

The effects of 6-phenylbutyrate on lipid metabolism have been studied in 
vitro, in the rat, and in man. No significant effects on net serum-cholesterol 
levels were observed, even though C™-acetate incorporation into cholesterol 
was inhibited by this compound. The site of inhibition appears to be at the 
acetate-activation step. Some of the potential pitfalls in interpretation of 
isotope-incorporation experiments are discussed. 

Prolonged feeding of 1 per cent A*-cholestenone to rats suppresses C!-acetate 
incorporation into cholesterol, and effects as much as a 44 per cent fall in 
serum-cholesterol levels. At 1 per cent in the diet the drug is highly toxic, 
causing, in particular, a striking adrenal hypertrophy but, at lower dosage 
levels, it appears to decrease cholesterol levels without manifest signs of toxic- 
ity. 
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SERUM LIPOPROTEINS AND THE EVALUATION OF 
ATHEROSCLEROSIS 


By John W. Gofman 


Donner Laboratory of Medical Physics, Division of Medical Physics, Department of Physics, 
and the Radiation Laboratory, University of California, Berkeley, Calif. 


This section of this publication is concerned with methodology for the eval- 
uation of atherosclerosis and its progression in order that the effect of potential 
prophylactic and therapeutic agents for this disease may be assayed. There 
are several known features about atherosclerosis that must be carefully con- 
sidered if the investigator concerned with prevention or therapy of atheroscle- 
rosis is to understand clearly what he may expect from any pharmacologic 
or other procedure designed to influence this disease. 

(1) The focal character of atherosclerosis. Since the earliest descriptions of 
atherosclerotic lesions, it has been realized that this is a patchy, focal disease. 
One region of a particular artery may show much more extensive atheroscle- 
rotic involvement than an adjacent region of that same artery or more than 
some other entire artery. Local arterial-wall injury and hydrodynamic factors 
have been considered by some workers to be responsible for the focal character 
of atherosclerotic lesions.!:? At the present time, prophylactic and therapeu- 
tic procedures directed toward the local factors that accentuate atherosclerosis 
do not appear promising, although efforts in this direction should be welcomed 
and encouraged. What is of prime importance, however, is that the focal 
character of atherosclerosis should not be allowed to obscure and confuse the 
much larger problem of atherosclerosis itself. Thus while it is true that a 
single focal area involved with atherosclerosis can produce clinical consequences 
such as coronary heart disease, this is the wnusual situation rather than the 
rule. Necropsy studies of coronary arteries of individuals with clinical coro- 
nary heart disease in life have revealed that, on the average, the coronary 
arteries of such persons show more extensive, widespread atherosclerosis than 
do the coronary arteries of individuals otherwise comparable, but who are 
without clinically manifest coronary heart disease. 4 

(2) The general metabolic features of atherosclerosis. Excessive attention 
directed toward the focal features of atherosclerosis can obscure a very impor- 
tant feature of atherosclerosis, namely, that this disease is associated strongly 
with a general metabolic factor, measurable in the form of the steady state 
level of certain lipoproteins of the circulating blood.®: ® 7 Very few investi- 
gators of this problem retain any doubt concerning the relationship between 
circulating-blood lipids and the development of atherosclerosis, even though 
they may differ in opinions as to the best procedure for measuring the important 
blood lipids. The nature of the relationship between circulating-blood lipo- 
proteins and atherosclerosis appears to be such that the rate of development 
of new atherosclerosis is proportional to the “effective” concentration of certain 
serum lipoproteins.® Here, of course, one is concerned with the average rate 
of development of new disease, wholly aside from focal factors in a particular 
region of an artery that may be operative. Indeed, any study directed toward 
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evaluation of the general factor, namely blood lipids, in atherosclerosis, must 
give great attention to the problem of maintaining focal factors constant in an 
average sense. This can be achieved by avoidance of the very common pitfall 
of measurement of maximal degree of sclerosis in a particular vessel or in the 
vessels of a particular subject, and by measurement instead of the degree of 
sclerosis in anatomically comparable regions from case to case in a series of 
subjects. Thus in a recent study, attempting to assess relationships of blood 
lipids with atherosclerosis, Paterson and his co-workers’ made this error of 
maximizing the focal factor in a study where, instead, every effort should have 
been made to eliminate this factor. 

(3) The accumulative character of atherosclerosis. In the discussion of general 
metabolic factors in the development of atherosclerosis it was pointed out 
that atherosclerosis proceeds at a rafe proportional to the “effective” concen- 
tration of certain serum lipoproteins. This implies that atherosclerosis is an 
accumulative process, with the total amount present at any particular time 
being the summation of increments produced in the past, each increment hav- 
ing been equal to the rate of development multiplied by the time period over 
which such rate had operated. It is important that prophylactic and thera- 
peutic measures be considered in the light of whether they are anticipated to 
affect the rate of accumulation of new increments of disease or the already 
accumulated disease itself. 

(4) Reversibility of accumulated atherosclerosis. Considerations of athero- 
genesis in relationship to serum lipoprotein levels do not directly take in 
account possible mechanisms for regression of established human atheroscle- 
rosis. Indirect evidence suggests that human atherosclerosis may undergo re- 
gression, for example, in wasting disease and involuntary dieting.? Some 
quantitative estimates of the extent of possible regression of human coronary 
atherosclerosis are now being made.!°_ If such regression, by whatever mecha- 
nism, turns out to be appreciable, the outlook for therapy of atherosclerosis 
will be materially improved. Not only would efforts then be reasonable to 
reduce the rate of accumulation of new disease by lowering serum lipoprotein, 
but also the prospect would exist that the regression rate might be high 
enough to result in a net lowering of total accumulated atherosclerosis. 


Serum Lipoproteins and the Rate of Development of Atherosclerosis 


Having listed 4 major aspects of atherosclerosis that are necessarily involved 
in the evaluation of possible prophylactic and therapeutic agents, the evidence 
relating serum lipoproteins to the rate of development of atherosclerosis may 
be considered, together with discussion of the application of serum lipoprotein 
measurements to the problem at hand. In previous publications'': ae ug 
evidence has been presented that certain classes of serum lipoproteins, desig- 
nated as Standard sf0-12 and Standard sr12-400 lipoproteins, are elevated in 
concentration in survivors of myocardial infarction in comparison with the 
concentrations to be found in matched control populations. Further, in the ef- 
fort to develop a combined measure that takes into account contributions from 
both the Standard s?0-12 and Standard s?12-400 lipoproteins, with an evalua- 
tion of their relative importance milligram for milligram, the linear discriminant 
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method of R. Fisher was applied to the problem of segregation of myocardial in- 
farction patients from matched controls. The result of such analyses indicated 
that the Standard s?12-400 lipoproteins should weigh 1.75 times as much as 
the Standard s;0-12 lipoproteins. * 

The combined measure was designated as the atherogenic index (A.I.) 
value, and is expressed as follows: 


(Standard sf0-12) + 1.75 (Standard sf12-400) . 
10 


where (1) Standard s?0-12 concentration is in mg./100 ml.; (2) Standard 
5212-400 concentration is in mg./100 ml.; and (3) the factor of 10 in the de- 
nominator is arbitrary, being used to achieve a convenient scale of A.I. values. 
In TABLE 1 are presented the most recent tabulations of A.I. values from 
population samples in apparent health and from patients with established 
coronary heart disease, utilizing survivorship from myocardial infarction as the 
criterion of established clinical coronary heart disease. The data of TABLE 1 
show that, on the average, myocardial infarction survivors, in comparison with 
matched controls, are characterized by elevated A.I. values. It is essentially 
these data that establish the association of lipoprotein-level elevation with 
clinical coronary heart disease and, indirectly, with coronary atherosclerosis. 

The question may be legitimately raised, ‘‘Could the elevation in A.I. value 
in myocardial-infarction survivors be the result of infarction itself rather than 
a measure predictive of coronary heart disease?’’ That the lipoprotein level- 
A.I. elevation is predictive of coronary heart disease has been demonstrated from 
our experience in the follow-up of approximately 1500 males under 45 years 
of age whose lipoprotein levels and A.I. values were determined at a time when 
they were in clinical health. Five individuals of this group subsequently 
developed myocardial infarction, the following A.I. values having been deter- 
mined on them 1 month to 2 years before the overt manifestation of coronary 
heart disease: 


AL. = 


Age at study | A.I. value 

te <= 
Case No. Tas tae ays aa cra EA ok emerge | 35 years 167 units 
Case IN OC2 tem Romar vacey wie kee mee ae 42 years | 136 units 
Sasol Oro rere bene stonh yaeeore ene 36 years | 104 units 
WaseyNo i Satan coat aneven koran eee 40 years 132 units 
CaseiNo nda en atom eet roti ete 42 years | 99 units 


Mean for 5 cases later developing infarction = 127.6 units; mean for matched controls = 77 units. 


There is less than 1 chance in 1000 that the marked elevation in A.I. value 
observed before infarction could have occurred by chance sampling. These 
findings indicate that the nature of the association of A.I. values with clinical 
sequelae of coronary atherosclerosis is clearly predictive in character. 

Further clear-cut evidence of the predictive and prognostic implications of 
lipoprotein determination is available through a follow-up study by Lyon and 

* Later analysis indicated that the w 


1 at the weighting factor should be closer to 1.6. Undo 
may suggest some alteration of this weighting factor, but it will not alter the general ee 
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TABLE 1 


ATHEROGENIC INDEX VALUES IN MyocARDIAL INFARCTION SURVIVORS AND 
IN MatcHep CoNTROL-POPULATION SAMPLES 


ts : Difference (A.I.), in 
No, of cases of | Mean ALI. vi ial’ 
Age group cherie ng diy ann | Mean A.T. value in Se 
infarction ‘infarction survivors matched controls A.I. in rantched: 

controls 
30-39 years 13 110.4 (es +-35.1 
40-49 years 145 98.4 80.3 Selle}. 
50-59 years 209 Old boil les) +9.6 
60-69 years | 145 87.2 78.1 +9.1 

TABLE 2 


ATHEROGENIC INDEX VALUES IN PATIENTS WITH ANGINA PECTORIS DEVELOPING 
Myocarpiat INFARCTION AND IN PATIENTS WITH ANGINA PECTORIS 
REMAINING UNCOMPLICATED 


Sone Atherogenic index 
Patients with angina pectoris going on to myo- 
Botrerel SIEATONIEMY. eS as a ee ne hw oo an 31 104.3 units 
Patients with angina pectoris remaining uncom- 
TELE Tea Oe SSE eae cine eae ae ae 88 86.4 units 
EReveN een ee ere oe ee ENA Ss gh se 17.9 units (p = 0.004) 


his co-workers of 119 patients with clinical angina pectoris. None of these 
patients at the time of the original study had previously experienced myocar- 
dial infarction. In the course of a 5-year follow-up period after initial study, 
31 of these patients went on to develop a well-documented myocardial infarc- 
tion and, of these, 14 patients have died. The A.I. findings are presented in 
TABLE 2, both for the 88 patients who developed no complications and for the 
31 patients who went on to myocardial infarction. These data show that the 
patients with angina pectoris who went on to myocardial infarction were 
characterized by strikingly higher A.I. values than those who remained un- 
complicated. Thus additional evidence is available for the predictive prognos- 
tic implications of lipoprotein-A.I. determination. One might ask the question 
as to whether the diagnosis of angina pectoris had originally been correct in 
the 119 cases. If diagnosis is the issue, one can say that one interpretation of 
these data is that the A.I. determination is most helpful in aiding the clinician 
in selecting from the cases he diagnoses as angina pectoris those that have a 
serious prognosis. 

By the simple procedure of counting the number of cases of myocardial 
infarction (in a series of such cases) at each A.I. value and then referring these 
cases to the number of individuals in the population at large with such values, 
a table of relative risks of future myocardial infarction has been constructed.” 
Utilizing the A.I. values alone, such a table provides relative risks for subjects 
all at a stated age. Utilizing the data for cases of myocardial infarction in 
the age range of 40 to 59 years, the relative risks were estimated to be those 
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TABLE 3 


RELATIVE Risk OF MYOCARDIAL INFARCTION AS A FUNCTION OF ATHEROGENIC 
INDEX VALUE (FOR 40- TO 59-YEAR-OLD MALEs) 


Risk at A.I. of 40 units arbitrarily set at 1.0 


ALI, value Relative risk of myocardial infarction 
40 units (1.0) (Set arbitrarily at 1.0 as reference point) 
50 units Pea ° 
60 units 2.0 
70 units 3 .2 
80 units 4.7 
90 units 6.7 
100 units 8.9 
110 units 13.0 
120 units 18.6 


in TABLE 3. Such estimates of relative risk are useful in guiding the evaluation 
of possible pharmacologic agents, since it becomes possible to select, from, an 
otherwise homogeneous group of individuals, a subgroup of very high risk. 
In a controlled study of such a group, the prospects of observing a reduction 
in risk with therapy can be made in a much shorter period than in the case of 
the over-all group. 

It must be emphasized strongly that the risks estimated here are valid with 
2 important provisos: 

(1) Within the 40 to 59-year age group for males the risk table may be used 
to compare one individual at a particular age with another individual at that 
same age. 

(2) The risks are valid for individuals in the population characterized by 
usual habits (dietary and other). It would not be correct to assume that, if 
the A.I. value were reduced from 120 units to 60 units, the risk would drop 
correspondingly in any short period of time. 

The restrictive provisos on the use of the risk calculations are the result of 
a major feature of the relationship of serum lipoproteins to coronary athero- 
sclerosis, namely, the accumulative character of the disease. If coronary 
atherosclerosis were nof accumulative it would be anticipated that a man of 
30 years of age with an A.I. value of 100 units would run the same risk of 
myocardial infarction as a man of 60 years with the same A.I. value. Con- 
siderations of population data indicate that the 60-year-old man runs a much 
higher risk than the 30-year-old man with the same A.I. value. It is out of 
such considerations that the concept developed of indicating that athero- 
sclerosis develops at a rate proportional to the A.I. value, but that the total 
accumulated atherosclerosis is measured in increments expressed as atherogenic 
index multiplied by time.® The reason that age does not enter into the risk 
calculation for individuals of the same age is because the time factor is identical 
for such individuals. 

In practical terms of pharmacologic testing, certain implications can be 
stressed if efforts are being made to approach prophylaxis and therapy via 
control of serum lipoprotein level: 


(1) Since accumulation is important, it would be anticipated that efforts to 
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lower A.I. values should be initiated at an early age, and lowered values should 
be maintained over periods of years and decades. 

(2) Comparisons of drugs and placebos should be made upon age-matched 
study groups. 

(3) Comparison of one pharmacologic agent with another should be made on 
subjects matched by A.I. value and by age. 

In general, it appears that efforts to alter the course of atherosclerosis by a 
lowering of the A.I. values will be more profitable in the preventive sense than 
in the therapeutic sense. This implies the testing of persons in a state of ap- 
parent health at an early age, for example under 35 years of age, with the use 
of pharmacologic or other measures applied vigorously to those individuals 
with high A.I. values and consequent high risks of subsequent myocardial in- 
farction. The possibility of appreciable reversibility of atherosclerosis may 
favorably modify the therapeutic outlook. If reversibility does turn out to be 
appreciable, not only will the lowering of A.I. values diminish the rate of 
accumulation of new atherosclerosis, but it may also reduce the amount of 
already existing atherosclerosis, with a consequent absolute reduction in risk 
of subsequent myocardial infarction. 
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EXPERIENCES IN ASSESSING ESTROGEN ANTIATHEROGENESIS 
IN THE CHICK, THE RABBIT, AND MAN{ 


By J. Stamler,* R. Pick, and L. N. Katz 
Cardiovascular Department, Medical Research Institute, Michael Reese Hospital, Chicago, Ill. 


In general, 3 levels are discernible in the current approaches to the therapy 
of coronary heart disease. The first, exemplified by the articles in the first 
sections of this monograph, is essentially palliative. In its attack on angina 
pectoris and the arrhythmias, it attempts only to forestall or mitigate some of 
the worst consequences of clinically advanced coronary atherosclerosis. In 
view of its limited weapons, this approach necessarily eschews any claim to 
halting or reversing the underlying pathological process. Until recently, this 
was the sole approach available to medicine. 

At present a second level of assault is being tested in clinical trials. Here the 
sights are set higher. The attempt is to halt, and even reverse (at least par- 
tially) the underlying process—atherogenesis. This second approach is rep- 
resented by studies on the efficacy of long-term therapy with plant sterols, anti- 
coagulants, low-fat, low-cholesterol, and low-calorie diets, and estrogens. The 
present report is concerned exclusively with the last of these—estrogens. It 
is important to re-emphasize that each of these 4 newer regimens, including 
estrogens, is in the developmental stage, that is, in the stage of clinical investi- 
gation. None is of proved therapeutic value. 

A third level of approach to the atherosclerosis problem is essentially prophy- 
lactic rather than therapeutic. Its aim is to tackle the biology of atherogen- 
esis, to elucidate factors (particularly in the mode of life) that cause the disease 
and thereby achieve the scientific knowledge necessary to prevent atherogene- 
sis. At present this approach is focused on the possibilities inherent in a 
hygienic life regime, with emphasis primarily on diet and, secondarily, on 
physical activity. Further discussion of this approach is beyond the scope of 
this paper.! $f 

In presenting this progress report on our long-term program of research on 
estrogens arid atherogenesis it is perhaps worthwhile briefly to review its orig- 
inal point of departure. The intellectual stimulus for these experiments came 
from the recognition of 2 key problems posed by accumulated data on human 
coronary heart disease. The first of these problems arose from the finding 
that, compared with a clinically normal, matched control group, middle-aged 
males with clinical coronary heart disease have significantly higher mean plasma 

* American Heart Association, New York, N. Y. 

{ This research program was made possible principally by grants-in-aid from the National Heart Institute of 
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TABLE 1 


SERUM CHOLESTEROL, PHOSPHOLIPIDS, AND C/P Ratios IN CONTROL AND 
Coronary-HeEart-DIskasre Groups oF PATIENTS!! 


Total 
. | Phos ipids 
Group | yea ae | ee C/P ratio 
Control A a Oe ne ae Pe ee 224 | 299 0.75 
GWoronary heart diseas€ .< .c ok cok caw ices cn 287 | 316 0.91 


TABLE 2 


EFFECTS OF CHOLESTEROL FEEDING ON CHOLESTEROLEMIA 
AND PHOSPHOLIPEMIA IN COCKERELS 


Total : 
Phospholipids f : 
Group eo ses oy 2) C/P ratio 
EERE ASE Se RV rie eS Sock, EN. Nets 32 70 185 0.38 
Two per cent cholesterol mash................. 375 270 1.39 


cholesterol levels and mean cholesterol/phospholipid (C/P) ratios (TABLE 1).* 
The present problem was: Which of these 2 abnormalities (if either!)—hy- 
percholesterolemia or C/P ratio elevation—is of critical significance in the 
pathogenesis of coronary atherosclerosis? This question became all the more 
compelling in the light of data showing that experimental atherosclerosis, pro- 
duced in a variety of species by high-fat, high-cholesterol diets (with or without 
other metabolic intervention), is also invariably associated with both hyper- 
cholesterolemia and increased C/P ratio (TABLE 2). 

The second problem stimulating us to launch these studies was presented by 
the extensive facts documenting a human sex differential in susceptibility to 
coronary heart disease. Numerous clinical and epidemiological studies demon- 
strate that young and middle-aged women are remarkably resistant to coronary 
heart disease—an “immunity” that tends to disappear in the decades following 
the menopause (TABLE 3). At the time our experiments were undertaken, no 
research data were extant accounting for this highly significant phenomenon. 
Female “immunity” was a scientific enigma. 

In attempting to design an experimental attack on the problem of the relative 
importance for atherogenesis of hypercholesterolemia versus elevated C/E 
ratios, our attention focused on the differences in patterns of hyperlipemia re- 
sulting in chicks from cholesterol feeding versus estrogen administration (TA- 
BLES 2 and 4). As already indicated, cholesterol feeding invariably produced a 
predominant disproportionate rise in plasma cholesterol with a significantly 
smaller increment of plasma phospholipids, resulting in markedly elevated C/P 
ratios. In contrast, estrogens effected a manifold increase of phospholipids in 


ous papers from this department, usage was made of the cholesterol/lipid phosphorus ratio. ‘The 

present paper uses the cholesterol/phospholipid ratio, in accordance with the recent recommendations of the Com- 

mittee on Lipid and Lipoprotein Nomenclature of the American Society for the Study a Pp eagle Phos- 
total cholestero 


pholipids are calculated as lipid phosphorus X26. The C/P ratio is expressed as Snaeptoipida 2 


* In previ 
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TABLE 3 
RESISTANCE OF PREMENOPAUSAL WOMEN TO CORONARY HEART DISEASE: 
UnitEp STATES AND CuicaGo DeatH Rates (1950 AND 1953) DvE To 
ARTERIOSCLEROTIC AND DEGENERATIVE HEART DISEASE 


Death rates per 100,000 population 


Location and year 


White males White females 
age 2444 age 25-44 
Unter Stites 1000 see en eee | ee ee eee 45 10 


(Ghicaeoy 195926. ae aee = eee ee en ee ee 75 17 


TABLE 4 


EFFECTS OF ESTROGEN ADMINISTRATION ON CHOLESTEROLEMIA 
AND PHOSPHOLIPEMIA IN COCKERELS 


Total ee 
Phospholipids C/P 
Contre eee eee ce oe ee cite ee ae ee 70 184 0.38 
Bstrocen-treated= 1. ese ce epee eee ees 675 3303 0.20 


* Subcutaneous implantation with 25-mg. diethylstilbesterol pellets at 3-week intervals; effects of 15 weeks 
of hormone. 


this avian species, with a considerably less marked elevation of cholesterol, so 
that C/P ratios were significantly depressed below normal. It occurred to us 
that a proper combination of cholesterol feeding plus estrogen administration 
might make it possible to obtain a pattern of experimental hyperlipemia in 
cockerels, characterized by marked hypercholesterolemia and hyperphospho- 
lipemia—proportionate in degree—such that plasma CP ratios would remain 
at or near normal levels. The achievement of these conditions would yield an 
experimental design permitting some assessment of the relative importance for 
atherogenesis of hypercholesterolemia, per se, versus elevated C/P ratios. Si- 
multaneously, this experiment would permit an evaluation of the influence of 
estrogens on cholesterol-induced atherogenesis in chicks, and would thereby 
possibly indicate whether these female hormones play a role in the mechanism 
of the human sex differential in susceptibility to coronary heart disease. 

At this point it is appropriate, particularly ina monograph entitled Experi- 
mental Methods for the Evaluation of Drugs in Various Disease States, to say a 
few words about procedures necessary to insure adequate control in experiments 
on atherosclerosis.! In brief, complete control is, of course, essential with re- 
spect to age, sex, strain, and dietary history since birth or hatching of experi- 
mental animals. Adequate size of groups is also essential. In our experience 
this means at least 10 animals per experimental group. Too much emphasis 
cannot be placed on the need to run control groups simultaneously with all 
experiments. It is wrong to rely for control data on information collected in 
previous studies. Emphasis must also be placed on the necessity for careful 
recording of food intake and weight change throughout all experiments, since 
it is impossible to arrive at an accurate assessment of the specific effects of any 


Stamler ef al.: Assessing Estrogen Antiatherogenesis 599 


TABLE 5 
ESTROGEN PROPHYLAXIS OF CORONARY ATHEROSCLEROSIS IN 
CHOLESTEROL-FED COCKERELS 


Total | 


Group Comb cholesterol; ©/P | Gross thoracic aorta Microscopic 
index (mg.%) ratio lesions coronary lesions 
2 CO$ control +f 21 902212 | 100%" 135 ak CEE 
2CO + parenteral estradiol) 9 1332 | 0.88 | 100% L534 


28% 2% 


* Based on measurements of cockerel comb dimensions; an index of feminization. 

** Per cent of birds with lesions. 

1 Average grade of lesions, based on an 0-4 scale (see reference 1). 

t Per cent of coronary vessels exhibiting atherosclerotic plaques, based on examination of multiple standard 
sections microscopically (see reference 1). 

§ 2 CO is plain chick starter mash supplemented with 2 per cent cholesterol + 5 per cent cottonseed oil. 


form of physiological or pharmacological intervention unless one can rule out 
the operation of nonspecific dietary and nutritional changes. Finally, develop- 
ment of objective methods for gross and microscopic grading of lesions in the 
aorta, coronary vessels, and other vessels, is a sine qua non in this research. An 
indispensible requisite for objective evaluation is the handling of all speci- 
mens as randomly mixed unknowns during grading procedures and other ana- 
lytical measures. In all the experiments to be summarized below, these and 
other precautions detailed elsewhere were rigidly followed at all times. In 
addition, repeat experiments were routinely accomplished before accepting 
any significant positive finding as definitively demonstrated. 

Our initial experiment assessing the effects of estrogens on plasma C/P ratios 
and on atherogenesis was of the ‘“‘prophylactic” type, that is, estrogens were 
administered to cockerels simultaneously transferred to an atherogenic diet 
composed of chick starter mash supplemented with cholesterol plus cottonseed 
oil. As had been anticipated, estrogens induced a marked enhancement of 
phospholipemia in these cholesterol-fed cockerels, with consequent maintenance 
of C/P ratios at or near normal levels (TABLE 5). The hormone, given paren- 
terally (1 mg. of estradiol benzoate in oil daily), also had the effect of feminizing 
cockerels, as indicated by alterations in their combs and other secondary sex 
characteristics. It should be noted parenthetically that this dosage of estradiol 
benzoate was arrived at in preliminary studies wherein a trial had been made 
of varying dosages ranging from 0.1 to 3.0 mg. per bird per day. The criterion 
for desired dosage was the amount of hormone needed to alter the plasma lipid 
patterns of cockerels to those prevailing in mature, egg-laying, estrogen-se- 
creting hens. Thus an attempt was made to utilize an estrogen dosage that 
was essentially physiological, based on known endocrine-lipid metabolic inter- 
relations in the female of this avian species. 

After several weeks of this experimental regimen the 2 groups of birds were 
sacrificed and studied histologically. To our initial disappointment, gross 
examination quickly revealed the presence of marked atherogenesis in the aortas 
of both groups. The estrogen-treated birds had at least as much aorta athero- 
sclerosis as did the controls similarly fed cholesterol but receiving no hormone. 
In subsequent detailed histological studies, however, it became apparent that 
the estrogen-treated birds, in marked contrast to the controls, were practically 
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TABLE 6 
EFrects OF ORAL EsTROGENS IN CHOLESTEROL-FED COCKERELS 


Total c/P | Gross thoracic Microscopic 
oe Ort ee 7 

: = 
: i d eet! : 86% 12% 
CO Cotes A eee ee 486 | 1.42 | 71% 0.6 | 86% 12% 
HO ah onl estrogens” cy. een ae | 1245 | 0.57 | 89% 0.6 | 11% 2% 


* Reworean: mixed conjugated equine estrogens (Premarin) added to drinking water; minimal dosage, 20 
mg. per bird per day. 


free of lesions in the coronary arterial tree (TABLE 5). This was an experimental 
demonstration of segmental differences in atherogenesis. This observation, 
that different laws govern atherogenesis in different vascular beds, is amply 
supported by data from human material. Hence it has been necessary to draw 
the conclusion that experimentalists cannot continue to rely exclusively upon 
aorta atherogenesis as an index of the occurrence of lesions throughout the 
arterial tree. 

Another significant correlation suggested itself from the findings of this ex- 
periment, that is, between C/P ratios and coronary atherogenesis. The data 
suggested that estrogen-induced inhibition of coronary lesions may be closely 
interlinked in individual birds with maintenance of C/P ratios below 0.75 to 
0.80 (normal: 0.35 to 0.60). Hence this study yielded suggestive (although 
not definite) experimental support for the hypothesis that it was originally de- 
signed to test, namely, that C/P ratio elevation (rather than hypercholesterol- 
emia per se) is decisive in coronary atherogenesis. This, however, is a problem 
that is still by no means fully resolved. 

Finally, this initial study, by demonstrating that estrogens are capable of 
preventing experimental cholesterol-induced atherosclerosis in the coronary 
arterial tree of cockerels, brought forward for the first time experimental evi- 
dence supporting the hypothesis that the human sex differential in suscepti- 
bility to coronary heart disease may be, at least in part, a resultant of ovarian 
hormonal secretion. 

In subsequent studies it was soon demonstrated that oral administration of 
mixed conjugated equine estrogens (Premarin) was equally effective in accom- 
plishing the decisive triad of hormone effects: feminization, altered plasma 
lipid patterns, and prevention of coronary atherogenesis (TABLE 6). These ad- 
ditional experiments also further delineated estrogen effects on serum lipids 
and lipoproteins (TABLE 7).* Curiously, estrogens apparently effected a sig- 
nificant reduction of e-lipoproteins (—Sj..1 1 to 10) in cockerels, a change pre- 
cisely opposite to that induced in man (see below). Estrogen-treated chicks 
also exhibited apparent decreases in plasma 8-lipoproteins of the —S; .». 70-400 
esterified cholesterol 
; total cholesterol 
firmation in further work because of technical problems with analytical pro- 
cedures. Additional studies are also needed to delineate the relationship (if 


* We are profoundly grateful to Lena A. Lewis Irvi 
land Clinic Foundation, Clevel ; ee 


class and in plasma 


ratios—changes that require con- 


1 I age of the Division of Research of The Cleve- 
and, Ohio, who accomplished the ultracentrifugal lipoprotein analyses for us, 
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TABLE 7 
3 EFFECTS OF EsTROGENS ON SERUM LIPOPROTEINS OF CHOLESTEROL-FED COCKERELS 
Lipoproteins 
meng re rel oe io = 
: cho al ee eS sross thoracic mn 
Group | esterol| ratio wt S a | S Bt see pai coronary 
l(mg.%) = = = | OR = eta Ries lesions 
hy ie ore | 
Plai h | 119 | |a77170| ol | 
ain mash..... POS 11771 70 OO} 60 0% 0) 0% 0% 
Ar: |. | 851 | 1.85 | 140| 31. | —| 304/360 , ere 
2 CO + oral es- | gels oes 
EFOZENS 5-12, mS | 1386 | 0.92 29} — | 399} 306/186 10095"! 5 0% 0% 
TABLE 8 


EFFects OF VARIOUS ESTROGENS IN CHOLESTEROL-FED COCKERELS 


pda, UR deg eOY ea— 
Group ae vme | ratio | aorta tera WbMRcorcee 1encws 
CS Se es er 36 1028 | 2.04| 100% 2.1 100% 25% 
PCO 4 ccal estrocens......... 6 | 599 |0.58| 100% 1.4 | 30% 5% 
1 CO + diethylstilbesterol pel- | 
ee eer ee * 6 | 1147 | 0.58 | 100% 1.5 | 40% 7%, 
# CO -F estrone*............. 10 1633 | 0.62 88% 0.6 1% <1% 


* Dosage: 10 mg. per bird per day parenterally in cottonseed oil. 


any) of these altered serum lipid lipoprotein patterns to the mechanism of 
estrogen antiatherogenesis. 

In other experiments it was also shown that several synthetic estrogens, given 
at oral or parenteral dosage levels adequate to accomplish feminization, also 
maintained normalization of C/P ratios and prevented coronary atherogenesis 
in cholesterol-fed cockerels (TABLE 8). On the other hand, inability to induce 
antiatherogenesis was also recorded with a number of synthetic estrogen ana- 
logues of low feminizing potency. Invariably, failure of a compound to fem- 
inize in relatively large dosages was associated with an inability to enhance 
hyperphospholipemia, to normalize C/P ratios, or to prevent coronary lesions 
in cholesterol-fed birds (TABLE 9). 

These studies suggested that the plasma-lipid-phosphorus response might 
be an excellent index for rapidly screening estrogenlike compounds in terms of 
their possible utility as antiatherogenic agents. They also reinforced the im- 
pression that inhibition of coronary atherogenesis was closely linked to basic 
biological actions of the estrogens in avian species. Moreover, they pointedly 
posed the problem of the indissolubility of the triad of estrogen effects (see be- 
low). 

As already indicated, the experiments summarized thus far were of the “pro- 
phylactic” type. It remained to be seen whether estrogens were effective 
“therapeutically.” Were they able to reverse lesions already induced in the 
coronary vessels of birds by cholesterol feeding? Studies intended to answer 
this critical question were designed and carried through, and it was shown 
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TABLE 9 
Errects oF VARIOUS ESTROGENLIKE COMPOUNDS IN CHOLESTEROL-FED COCKERELS 


Total x . Mi : 
Group Gomb'lcucieterol| CR) Gieee ha ad 
(mg.%) 
| 100% 25% 
ANG Oss teaie eset ae ins Teeter: 36 1028 2.04 100% 2.1 0 
1 est TS tecsiee 6 599 0.58 100% 1.4 30% 5% 
i O - oe 01799... 95 | 1249 |1.81| 100% 1.7 100% 19% 
1 CO + cpd 14678 28 858 1.81 100% 1.6 89% 20% 
{COE oped 02086 seu ni cree 30 610 | 1.58 | 100% 2.0 | 100% 20% 


Dosage of numbered compounds: 1 mg. per chick per day parenterally in cottonseed oil. 


TABLE 10 


EsTROGEN-INDUCED REVERSAL OF CORONARY ATHEROSCLEROSIS 
IN CHOLESTEROL-FED COCKERELS 


Total ; sigh : : 
Group cicltret| S| Gree ene | 
70) | | 
2 COMweek S182 10 ae eer rae | 1012 1.97 | 100% 4.2 100% 60% 
2 CO weeks 8-21; estrogen weeks : 
IK eA Tare aia tera cagrea ee ointa wao ain 1305 0.46 100% 5.0 66% <1% 


Estrogen: estradiol benzoate 1 mg. per chick per day parenterally in oil. 


that estrogens were fully able to reverse well-developed cholesterol-induced 
plaques in the coronary vessels of chicks. In fact, estrogen ‘‘therapeutic”’ 
antiatherogenesis supervened even when the atherogenic diet was continued 
during the period of institution of hormone administration (TABLE 10). It 
should be emphasized that estrogens reversed both the lipid and the fibroblastic 
components of these atherosclerotic plaques in the coronary vessels. 

This is not to say, of course, that estrogens were effective in removing areas 
of marked hyalinization, advanced fibrosis, calcification, or bone formation. 
Such advanced lesions were not present in the control birds sacrificed after 5 
weeks on the atherogenic diet. Rather, the coronary vessels showed plaques 
composed only of actively proliferating fibroblastic tissue with moderate col- 
lagen deposition, plus lipid and cholesterol situated extracellularly and in lipo- 
phages and fibroblasts. Thus these were relatively “young” plaques that 
estrogens completely reversed, despite continued feeding of the atherogenic 
diet during the period of estrogen exhibition. So thoroughgoing was this estro- 
gen “therapeutic” effect that special histological and histochemical studies, 
using a variety of specific stains on formalin-fixed frozen sections, revealed no 
deviations whatsoever from normal (other than rare residual lipid infiltration ) 
in the architecture of these coronary vessels. No alterations could be demon- 
strated in the ground substance.* This experiment, over and above its signi- 
ficance in demonstrating the “therapeutic” ability of estrogens in chicks, was 
of further import in that it proved once again—in support of previous observa- 
tions—that atherosclerotic plaques are, within wide limits, partially and even 


* The special histochemical studies were carr 


a ied out by René Maiinow, D. Hoj . Pe : 
Pabeilén Inchauspe de Cardiologia, Hospital Ra y René Malinow, D. Hojman, and A. Pellegrino of the 


mos Mejia, Buenos Aires, Argentina. 
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wholly reversible. Hence the theory of the irreversibility of atherosclerosis was 
once again refuted. Finally, this experiment—and particularly the special 
histochemical study accomplished in cooperation with our Argentine colleagues 
—yielded preliminary evidence suggesting that the mechanism of estrogen 
antiatherogenesis may perhaps be related, at least in part, to a reticuloendo- 
theliosis induced by the hormone. 

All the foregoing experiments involved the administration to cockerels of 
exogenous estrogens, natural or synthetic, oral or parenteral, at a dosage level 
calculated to yield a plasma lipid pattern typical of the mature, egg-laying 
hen. In view of our desire to determine whether the human sex differential in 
susceptibility to coronary atherogenesis was significantly a function of estrogen 
secretion in premenopausal women, it was felt essential to assess male-female 
differences in coronary atherogenesis in chicks, and to evaluate the effects of 
the endogenously secreted estrogens in sexually mature hens. Toward this 
end an experiment was first performed in which 8- to 15-week-old, sexually 
immature chicks, male and female, were fed an atherogenic diet. Both sexes 
exhibited significant aorta and coronary atherogenesis, and no sex differential 
in coronary atherogenesis was observed. 

A comparison was then made between mature, gonadally active roosters and 
hens. It was clearly shown that egg-laying hens, in contrast to roosters of the 
same age, were remarkably resistant to cholesterol-induced coronary athero- 
genesis, whereas both sexes were susceptible to aorta atherogenesis (TABLE 11). 
This phenomenon in chickens appeared to be a remarkable parallelism to the 
human preclimacteric sex differential in susceptibility to coronary atherogen- 
esis. Based on this experimental finding, it seemed quite valid to suggest that 
hens exhibited this “immunity” to cholesterol-induced coronary lesions because 
of their endogenous estrogen secretion, that they were responding to physiolog- 
ical ovarian hormone secretion like cockerels given exogenous estrogens, and 
that they were a prototype of the basic physiology of antiatherogenesis in pre- 
menopausal women. These conclusions seemed to be all the more tenable 
since egg-laying hens had typical estrogen patterns of plasma lipids, with main- 
tenance of C/P ratios at or near normal levels, despite cholesterol feeding. 

Before these likely interpretations could be validly projected, however, 1 or 2 
additional experimental steps were necessary. Thus, as will be noted in Ta- 
BLE 11, cholesterol-fed hens had somewhat lower plasma total cholesterol levels 
than their rooster counterparts. This fact focused attention on the egg- 
laying phenomenon and on the possibility that disposal of excess cholesterol- 


TABLE 11 


ATHEROGENESIS IN MATURE MALE VERSUS FEMALE CHICKENS 
FEep A CHOLESTEROL-O1L MASH 


Total , ah Sa 

Group cndetaot| C/P ratio pen | Seacreaninth 
(mg.%) | 

MEE, CO) teseechca pmediditicceptws.diee 459 | 1.53 | 87% 1.2 | 80% 18% 

: 86% 0.8 | 11% <1% 


Experimental period: 28 to 33 weeks of age. 
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TABLE 12 


Errects oF Ovipuct LIGATION IN MaAtTuRE EGG-PRODUCING ESTROGEN-SECRETING 
Hens Fep A CHOLESTEROL-O1L MaAsH 


Total . | Gross thoracic Microscopic 
Group Gee C/P ratio | “aorta lesions coronary lesions 
Bh declan cose oe 459 Les 81%) 12 80% 18% 
ee he Bi i ae ae 353 0.48 | 64% 0.7 | 19% 14+% 
Pemales ieated 2 CO. a. eeuae™ 448 0.48 | 56% 0.5 | 13% <1% 


lipid via egg laying might account, nonspecifically, for freedom from coronary 
lesions. In order to rule out this possibility, surgical ligation of the oviducts 
was accomplished in a group of hens in the pre-experimental period, with the 
result that mature ova were deposited into the abdominal cavity, with subse- 
quent resorption of their lipid content. Such a group of oviduct-ligated, egg- 
producing, cholesterol-fed hens exhibited plasma cholesterol levels similar to 
those of an age- and diet-matched group of roosters (TABLE 12). Nevertheless, 
these hens—while exhibiting marked aorta atherogenesis—remained almost 
completely free of coronary lesions. Thus further data were obtained rein- 
forcing the concept that this antiatherogenesis was a resultant of the 
endogenous, physiological estrogen secretion of the mature hen. 

One further critical experiment remained to be done, that is, removal of the 
ovary. When such a study was accomplished, mature ovariectomized* hens, 
completely lacking endogenous estrogen secretion, developed grossly elevated 
C/P ratios and extensive coronary atherosclerotic plaques in response to choles- 
terol feeding. Ovariectomy had eliminated the “immunity” of hens to cho- 
lesterol-induced coronary atherosclerosis. Thus it was definitively demon- 
strated that the resistance of mature egg-producing hens to cholesterol-induced 
coronary atherogenesis is a product of ovarian function, particularly estrogen 
secretion. The possible implications for the human problem are obvious. 

Having demonstrated the marked antiatherogenic ability of both exogenous 
and endogenous estrogens against cholesterol-induced coronary atherosclerosis 
in chickens, it appeared worthwhile to explore further the parameters of this 
phenomenon. Accordingly, several experiments were undertaken in which 
the administration of estrogens to cholesterol-fed cockerels was combined with 
the exhibition of another hormonal preparation possibly capable of counter- 
acting the estrogen effect. The first studies of this type utilized estrogen plus 
androgen in a 1:3 and 1:100 ratio. With this combination, the major second- 
ary sex characteristics of cockerels were readily maintained. Concomitantly, 
these birds exhibited full estrogenic effects on plasma hpid patterns and coron- 
ary atherogenesis (TABLE 13). Thus 1 of the triad of estrogen effects, namely, 
feminization, was counteracted, while the other 2 continued to operate. It 
proved feasible to dissociate 1 of these effects from the other 2. 


Th Accomplishment of complete suppression of estrogen secretion by total ovariectomy was not a simple matter. 

ree ee ae ee : wy oe Sie plus a rudiment. Following removal of the single ovary in 
a y Immature bird, the rudiment proliferated with dev - i r i 

SA Uae ungeprnotecaty I development of an estrogen-secreting ovotestis. It 


second stages accomplish a 2-stage procedure, with extirpation of the proliferated ovotestis in the 
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Gross thoracic 
aorta lesions 


Microscopic 
coronary lesions 


100% 1.3 
100% 1.3 
100% 1.3 


75% 10% 
157% 2% 
0% 0% 


TABLE 13 
e _ Errects or ESTROGEN Pius ANDROGEN IN CHOLESTEROL-FED COCKERELS 
: Total 
Group Comb | choles- C7/P 
index terol ratio 
| (mg.%) 
- = _ — ~~ | - | _ = 
1 CO control... ... eas | 18 | 764 | 2.00 
1 CO -+- estradiol. ............... 6 960 0.05 
1 CO + estradiol + testosterone..| 42 737 0.65 


Experimental period: NY to 15 weeks ok age. Estr: a a scr i in oi 
od: § 5 s ge. stradiol benzoate: 1 mg. per chick per day parenterall . 
Testosterone propionate: 0.2 to 3.0 mg. per chick per day parenterally i oil. 3 ame 


TABLE 14 


EFFEcTts OF EsTROGENS Pius CorTicoIps ON CHOLESTEROL-FED COCKERELS 


Mean | Tota 
ae, Comb O00 || choles- | C/P 3ross thoraci i ic 
Grou; aan “ir omc “terol ratio ha pet cen See 
Hg) (mg.%) 
| 
1 CO control... . .. TTT ith) 45 149 | 573 | 1.46} 100% 1.4 80% 19% 
PX) + premarm:..2......| 14 142 692 | 0.50 | 100% 1.6 13% 2% 
1 CO + premarin -+ DCA...| 16 150 | 1085 | 0.38 100% A 0% 0% 
1 CO + premarin + corti- 
2 Cat eee eae | il 1324) LTS ORS) 100% 1.7 WG) OG, 


Experimental period: 12 to 19 weeks of age. Premarin: 25 to 30 mg. per chick per day in drinking water. 
DCA: 1 to 5 mg. per chick per day parenterally in oil. Cortisone: 5 to 20 mg. per chick per day parenterally in 


saline suspension. 


In another study, estrogens were combined with pancreatectomy and with 
administration of corticoids, including desoxycorticosterone acetate (DCA), 
cortisone, hydrocortisone, and ACTH. ‘The steroids were all administered in 
dosages adequate to produce 1 or another manifestation of hyperadrenocorti- 


cism. Hydrocortisone induced frank steroid diabetes. 


In all of these steroid- 


treated, cholesterol-fed chicks, estrogens induced the typical triad of effects, 
and the corticoids had no counteracting influence on estrogen antiatherogenesis 
(TABLES 14 and 15). Moreover, the elevation of blood pressure usually seen in 
cockerels treated with DCA or cortisone was absent in birds simultaneously 
receiving estrogens. Thus the estrogens apparently counteracted the “hyper- 


tensive” effect of the corticoids. 


In a more recent experiment similar in design to the foregoing, the adminis- 
tration of estrogen to cholesterol-fed cockerels was coupled with an induction 
of hypothyroidism by thiouracil feeding. Hypothyroidism was associated with 
significant loss of the ability of estrogens to protect the coronary vessels against 
cholesterol-induced atherogenesis (TABLE 16). This finding is particularly 
intriguing in view of well-known clinical data on the association of hypothy- 
roidism, hypercholesterolemia, and atherogenesis in human beings. Counter- 
action of estrogen antiatherogenesis by thiouracil in cholesterol-fed chicks 
was associated with a tendency (not clear-cut and definitive in 2 series of ex- 
periments accomplished to date) toward higher C/P ratios. Further work is 
essential to pursue this suggestive new lead concerning interrelationships be- 
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TaBie 15 


FAILURE oF Corricoip D1aBETES TO ABOLISH ESTROGEN PROPHYLAXIS OF 
CHOLESTEROL-INDUCED CORONARY ATHEROGENESIS IN COCKERELS 


Blood Total | C/P Gross thoracic Microscopic coro- 
Group nee bay ratio aorta lesions nary lesions 
\ -/0 Mg. /o 


Oe tase es oeatereee 168 573 | 


J I 


LE 1.45 | 100% 1.4 80% 16% 
IRC ORE estrocens acre tra 186 692 | 0.53 100% 1.6 139e eee 
1 CO cpds Ek - estrogens... 320 1061 0.50 | 100% 1.9 SE SG 
1 CO + ACTH -+ estrogens.....| 262 839 | 0.56 100% 2.5 30% 3% 


ACTH: 25 mg. per chick per day parenterally of a long-acting preparation. 


TABLE 16 


THIOURACIL COUNTERACTION OF ESTROGEN ANTIATHEROGENESIS 
IN CHOLESTEROL-FED COCKERELS 


es / ss thoraci | mi scopic 
Group | a | ye ees doronmy 1eaaae 
\ */0 | 
| 
DEC OF Tae Me vata ev re ee eas 534 eZee TLS, BU et | 82% 14% 
2 CO) == onralestrogens. «.-.4...4-5 5.) 1447 0.59 NP 80% 0.9 5% <al% 
2 CO + oral estrogens + thiouracil*...) 1371 0.73 | 100% 0.9 | 65% 9% 


* Thiouracil: 0.1 to 0.2 per cent added to chick mash. 


TABLE 17 


INSULIN COUNTERACTION OF ESTROGEN ANTIATHEROGENESIS 
IN CHOLESTEROL-FED COCKERELS 


Blood | Total | c/P | Gross thoracic | Microscopic 
Group | glucose |cholesterol | ti aorta | coronary 
\(mg. % ) (mg. %) | ek | lesions lesions 
ZiCO Mea eh ee ee 141 1854 | 2.69 | 80% 0.9 100% 24% 
2aC Ors -roraliestrozensesnnt, 1 ee LOT 942 | 0.65 | 60% 0.3 30% 2% 
2 CO + oral estrogens + insulin*. 95 | 878 | 1.00 | 78% 0.7 100% 13% 


* Ten to 15 units per chick per day of Lente insulin parenterally. 


tween C/P ratio and coronary atherogenesis on the one hand, and thyroid-estro- 
gen metabolic effects on the other. 

Finally, one other potentially significant experiment in this series has been 
completed very recently, that is, a combination of insulin plus estrogens in 
cholesterol-fed cockerels. Here again, as with thiouracil-induced hypothy- 
roidism, the administration of the hormone of the pancreas effected a significant 
counteraction of the ability of estrogens to protect the coronary vessels against 
cholesterol-induced atherogenesis (TABLE 17). This finding, too, is a most 
thought-provoking one, since it forces to the forefront the question as to the 
possible role of insulin—the life-span therapeutic agent in human diabetes mel- 
litus—as 1 factor possibly responsible for frequent, premature, severe athero- 
genesis in diabetic patients. The results of this experiment pose 1 other prob- 
lem: Is the diabetic woman’s loss of “Immunity” to coronary atherosclerosis 
a resultant, to any degree, of the effects of exogenous insulin? Here, too, active 
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TABLE 18 


EFFECTS | OF EsTROGENS ON PLasMA Lipw PATTERNS IN RATS ON A Wicu-Fatr, Hicu- 
CHOLESTEROL, Low-PRoTEIN, Low-METHIONINE Diet ror 18 WEEKS!2 


Total tae 
Group ove te ee ids C/P ratio 
VES CREE RICOD EOI We: eM ad: ic Wer oc Slawivieiy batho: 241 151 1.6 
Wea lerraitsiot= OSETOPENS gia kucie en sie evia 298 268 wei 
rerslecrae CONTRO: ae Mate toe ys ou hee 305 164 1.86 
emale rats — estrogens ot cs. o~ 2 occ ecko «ons 288 286 AOU 


* 0.333 mg. per rat per day of parenteral estradiol benzoate. 


work is proceeding in our laboratory, exploring the many facets and implications 
of this very recent experimental observation. 

Of course, the final assessment of the significance of this series of experiments 
on estrogens and cholesterol-induced coronary atherosclerosis in chicks can be 
arrived at only by definitive studies in man (see below). In this connection, 
one of the important questions arising is: What are the effects of estrogens in 
cholesterol-fed mammalian—as distinct from avian—species? About a year 
ago Moskowitz ef al——working under the direction of Robert Wissler of the 
Department of Pathology, The University of Chicago, Chicago, Il—reported 
their experiments with rats on an 18-week regimen of estrogens plus an athero- 
genic diet (a high-cholesterol, high-fat, high-choline, low-protein, low-methi- 
onine ration). Rats responded to the administration of estrogen with an en- 
hancement of hyperphospholipemia, so that C/P ratios rose less markedly than 
in nonhormone-treated animals ingesting a like diet (TABLE 18). This experi- 
mental regimen induced a plasma-lipid response in rats qualitatively similar to, 
but quantitatively less marked than, that observed in chicks. In conjunction 
with this metabolic response, the estrogen-treated rats exhibited significantly 
less coronary atherogenesis than the controls. The coronary vessels of the 
estrogen-treated animals showed slight to moderate lipid infiltration, but were 
practically free of atherosclerotic plaques. Thus in rats, as in chicks, estrogens 
are apparently capable of enhancing plasma phospholipid levels and inhibiting 
cholesterol-induced coronary atherogenesis. This evidence from a mammalian 
species further supports the concept that estrogens may play a significant role 
in the human female premenopausal “immunity” to coronary atherosclerosis, 
and that this antiatherogenesis may be related to estrogen-induced alterations 
in plasma C/P ratios. 

In our laboratory, several studies of similar design have been accomplished 
in another mammalian species, the herbivorous rabbit. In brief, these experi- 
ments have consistently yielded negative results irrespective of the variations 
in the level of cholesterol feeding and the route of administering estrogen (TA- 
BLE 19). Estrogen-treated, cholesterol-fed rabbits apparently are as suscepti- 
ble to coronary atherogenesis as their nonhormone-treated controls ingesting a 
like atherogenic diet. In association with this inability to inhibit cholesterol- 
induced coronary atherogenesis in rabbits, estrogens failed to enhance hyper- 
phospholipemia, so that C/P ratios were markedly elevated. Both results 
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TABLE 19 
EFFECTS OF ESTROGENS IN CHOLESTEROL-FED RABBITS: Series 1 To 4 


Total - ; G th — Microscopic 

Group seca C/P ratio hee je coronas 
Gholesterolted controlsne eee ee 993 1.69 96% 2.5 867% — 
Cholesterol-fed + estrogens............- 953 ie 89 mala 1% — 


were, of course, in significant contrast to those detailed above in chicks and 
rats. Present knowledge is not adequate to determine whether any cause-and- 
effect relationship exists between failure of estrogens to enhance hyperphos- 
pholipemia and their inability to protect the coronary vessels of rabbits against 
cholesterol-induced atherosclerosis. Further work is necessary to clarify the 
basis for and the significance of this difference in species. 

During the years when our department was working on the foregoing program 
of research on estrogens and cholesterol-induced coronary atherosclerosis in 
chicks, significant findings were published by other investigators on possible 
interrelationships among estrogens, plasma lipids-lipoproteins, and coronary 
atherogenesis in man.'!° Thus it was definitely established that estrogens 
are capable of exerting a profound effect on human plasma lipid and lipoprotein 
patterns. In particular, estrogens increase plasma phospholipids, lower choles- 
terol (this effect is an inconsistent one), reduce C/P ratios, elevate a-lipoprotein, 
a-lipoprotein a-lipoprotein cholesterol 
8-lipoprotein 8-lipoprotein cholesterol 
sons of plasma lipid-lipoprotein patterns in normal males, normal females, and 
in males with clinical coronary heart disease have lent further support to the 
concept that estrogens may play a role in the “immunity” of premenopausal 
women to coronary atherosclerosis. 

Also during these years, 2 relevant studies were published on investigations 
conducted in the clinicopathologic laboratory. The first reported that young 
ovariectomized women, examined at autopsy several years after surgery, ex- 
hibited a significant loss of the “immunity” to coronary atherogenesis normally 
present in intact women of their age.’ The second study yielded similar find- 
ings. In addition, it reported that elderly males, receiving prolonged high- 
dosage estrogen treatment for prostatic carcinoma, exhibited significantly less 
coronary atherosclerosis than a matched control group receiving no hormone." 
Finally, this second study presented data indicating that women with breast 
carcinoma, who presumably were hyperestrogenic, also had less coronary dis- 
ease than their controls. It was suggested that these changes might be attribu- 
table to specific antiatherogenic effects of estrogens. 

Late in 1952 our group launched a long-term investigation, based on our ex- 
perimental findings in chicks and the available clinical reports, to evaluate the 
possible therapeutic efficacy of estrogens in the treatment of patients with clin- 
ical coronary heart disease. It was recognized that the only reliable criteria 
to adjudge therapeutic efficacy were the incidence of recurrent myocardial in- 
farction and, particularly, the duration of survival following initial infarction. 


and increase the ratios 


Compari- 
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Inevitably, therefore, the study had to be planned and organized on the basis 
ofa year-long perspective. It was deemed advisable to begin slowly and, as 
experience accrued, to expand the project gradually. Based on this approach, 
the number of patients in the study has been steadily increasing over the last 
4 years, particularly by virtue of excellent cooperation forthcoming from several 
Veterans Administration Hospitals in the Midwest. In addition, the oppor- 
tunity presented itself to pool resources with Michael Oliver and his group at 
the Royal Infirmary, Edinburgh, Scotland, who had independently organized 
an esssentially identical investigation.’ 

Two series of patients are being followed, one designated “series,” and the 
other “‘off-series.” Series and off-series patients are divided into 2 matched 
groups receiving placebo and estrogens respectively, so that, in toto, 4 groups 
are under observation. The 2 series groups consist of patients meeting the 
following rigid criteria: males under 50 years of age with a single proved myo- 
cardial infarction occurring within the previous 12 months, uncomplicated by 
gross hypertension, other heart disease, liver or renal disease, hypothyroidism, 
or diabetes mellitus. The off-series groups are comprised of patients under 50 
years of age with proved coronary heart disease who fail to meet the foregoing 
strict criteria. Patients are assigned to their respective groups on a strict ‘‘dou- 
ble-blind” basis. By way of further precautions to assure maximal control, 
detailed data are collected on ethnic, family, occupational, dietary, and past 
medical history. Finally, all patients are evaluated with respect to “tisk” 
based on the facts concerning the acute course during the original episode of 
myocardial infarction. Patients are designated “‘poor risk” if there isa history 
of complications during the first 2 months of illness, that is, such complications 
as shock, congestive failure, prolonged friction rub, or arrhythmia. It is recog- 
nized that this risk classification has hitherto been utilized almost exclusively 
for evaluating acute prognosis. Its validity, if any, for long-term prognosis 
has not been adequately clarified, although this does not negate its utility as an 
additional type of precaution to insure equating of groups. Based on the 
placebo patients, the present study will, pari passu, yield additional data 
clarifying the relationship of the acute episode and its severity to long-term 
prognosis. 

Patients are incorporated in the study at a minimum of 2 months following 
onset of myocardial infarction. During the first 3 months of observation they 
are seen monthly as outpatients. Thereafter they are evaluated quarterly. 
These frequent visits at regular intervals are vitally necessary in order to estab- 
lish good rapport with the patients and to win their strict adherence to the 
program. ; 

The periodic visits include interval history, physical examination, and the 
drawing of blood for lipids-lipoproteins. Electrocardiographic and roentgen- 
ographic studies are accomplished semiannually. In addition, supplementary 
research data are frequently obtained on selected subgroups of patients. In 
this way an attempt is made to take maximal research advantage of the mate- 
rial at hand, both for the study of the effects of estrogens and for the multi- 
faceted investigation of the natural history of coronary disease in middle-aged 


males. 
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In the initial 18 months of the study, from December 1952 through May 1954, 
drug dosage was progressively increased from 1.25 to 2.5 to 4.0 to 10.0 mg. per 
patient per day orally of mixed conjugated equine estrogens (Premarin). Since 
June 1954, 10.0 mg. per day has been given to every treated patient, as both 
the initial dosage for a new patient and the maintenance dosage. It was estab- 
lished empirically that this level of hormone intake achieved the objectives of 
consistently effecting feminization of both secondary sex characteristics and 
serum lipid-lipoprotein patterns (see below). 

In view of the many questions directed to us, it should be noted for the record 
that estrogen-androgen combined therapy groups were initially included in the 
study. These were abandoned after a few months, and the patients in these 
original groups were incorporated in the estrogen groups. Four considerations 
led to this decision: (1) need for the 2 critical groups, estrogen and placebo, to 
be of maximum size; (2) concern for the possible hepatotoxic effects of long-term 
androgen administration; (3) observation that combined therapy in the usual 
dosage ratios did not necessarily prevent feminization; and (4) demonstration 
by other workers that combined therapy suppressed estrogen effects on serum 
lipids-lipoproteins.’: § 

A statistical summary of the baseline data on the 4 groups is contained in 
TABLES 20, 21, and 22. It is evident that the estrogen-treated and placebo 
groups of both series and off-series patients match remarkably with respect to 
such factors as mean age at time of infarction, mean height and initial weight, 
mean duration after infarct when study of them was begun, and mean pretreat- 
ment serum cholesterol-phospholipid-lipoprotein levels. It is further evident 
that these groups of middle-aged males with clinical coronary heart disease have 
serum lipid-lipoprotein levels significantly higher than those recorded by other 


TABLE 21 
PRETREATMENT SERUM Lipip Data: May 1, 1956 
Group cholesterol Phospholipids |’ C/P ratio 
Se hue. 2 28) 0.89 
SUR Corunna engage oieolgiaed MMM ae Ae 
TABLE 22 


PRETREATMENT SERUM LreoproTEIN Data: May 1, 1956 


—Si.nt-10 | —S1.2120-25 | —S1.2125-40 | —S1.2140-70 | —S1.2170-400 
sites Gue%) | mem) | cmg-%) | (me.%) | (ms.%) 
i 49 2 
Series—-placebO.es. ses nate ei inisy = 149 19 263+ 
Serles-—CStLOPCUS.. wu actos sea aes 4 =: 170 15 IAT - 56 ) 4 
i iy) 67 
Off Series—placebo....:........... 128 27 288+ 
Off Series—estrogens............-.. 135 28 287+ o7 54 
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TABLE 23 


COMPARISON OF PRETREATMENT Lipips OF PATIENTS AND CLINICALLY 
NorMAL MALE CONTROLS IN LITERATURE 


Total ‘ Cee : 
Group sont ie A See C/P ratio 
One hundred and seventy-two patients under age j 

S0= Michael Reese (Str cyan ngnen earner 246 278 . 0.88 
Controls—146 Americans under age 404) 14,8... 224 299 0.75 
Controls—23 Americans, age 27-4615 °......... 181 225 0.80 
Controls—16 Americans, age 39-4417.7.......... | 222 — -- 
Controls—99 Americans, mean age 458:°....... 242 —_— — 
Controls—Americans, age 40-4879 4............ 234 — — 
Controls—Americans, all ages, both sexes?!) 9... | 194 230 0.84 
Controls—South African Bantus, age 41-50 _ 

(Gea) 23a ea eit t Peer e ! 179 | — —- 
Controls—Central Americans, males, age 40-4879 7, 153 -- = 
Controls—118 Sardinians, age 40-4974; "... 2... 195 == — 
Controls—Navajo Indians, mean age 32) °...... 178 — a 
Controls—Navajo Indians, mean age 64°. .... | 175 — -- 


@ Cholesterol Method: Schoenheimer and Sperry. 
> Cholesterol Method: Bloor and Knudson.4 
© Cholesterol method: Bloor.16 f : 
4 Cholesterol method: Schoenheimer and Sperry!’ or Liebermann-Burchard reaction applied to the Bloorié 
extract. 
® Cholesterol method: Abell et a/.19 This method tends to yield results 10 to 20 per cent higher than the Bloor! 
and Schoenheimer-Sperry’ procedures. 
Cholesterol method: Abell et al.!9 
? Cholesterol method: Man and Peters.” 
Cholesterol method: Liebermann-Burchard reaction applied to Bloor! extract. 


workers on groups of clinically normal American males (TABLES 23 and 24).* 
This finding is in accord with all recent studies. It should be added, however, 
that a small percentage of the individuals in this study consistently exhibits 
serum lipid-lipoprotein levels in the low normal range. The problem of the 
pathogenesis and etiology of coronary heart disease in such patients is a most 
intriguing one, involving questions that cannot be considered here because of 
space limitations. 

The basic data on the results to date are summarized in TABLES 25 to 32. 
Obviously, the 1.25 and 2.5-mg. per patient per day dosage of estrogens failed 
to influence serum-lipid patterns significantly (TABLE 26). The 4.0-mg. per 
patient per day dosage did effect a significant change in group values for serum 
phospholipids and C/P ratios. Some individuals failed to respond to this 
dosage, however, and the 10.0-mg. per patient per day level was established. 

Within 1 to 3 months, estrogens at the 10-mg. dosage level almost invariably 
induce significant increases in serum phospholipid and a-lipoprotein levels, 
with unchanged or decreased cholesterol concentrations resulting in decreased 
C/P ratios. These findings are generally in accord with reports from other 
laboratories.’”:’ The alterations in serum lipid-hpoprotein patterns persist 


Lipid data were compared with normal values published by other workers, since our group has not analyzed 


a clinically normal matched population sam is 4 s on is Mi imited value 

r J al, Ma & sample. It is recognized that such a comparison is only of limited val 

particularly for cholesterol, in view o ifferent Ss se i in 4 i : 
Rakrtical ia chery (opto v of different methods used (TABLE 23). All lipoprotein data are froma single 
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TABLE 24 


COMPARISON OF PRETREATMENT LIPOPROTEINS OF PATIENTS 
AND Norma Controts: May 1, 1956 


Group —S1.21 1-10 |—S1.21 20-25/—S1.21 25-40] —S1.21 40-70) —Sy.01 70-+ 
(mg.%) (mg.%) (mg.%) (mg.%) (mg.%) 
All patients—Michael Reese study.... 145 | 21 271--* 56 
99 Normal males—Cleveland, age 35— y; . 
OG) mean age 45rae ke. | 180 12 250 33 
Twelve Navajo Indian young men, re is 
MCR AR Das hia terest. «eee ee 148 16 199 21 25 
Thirteen Navajo Indian older men, 
ears rer tye ann) ee ere / 140 11 205 DD 15 


* Fifteen per cent of the patients in the range from 150 to 225 mg. per cent; 58 per cent in the range > 250 mg. 


percent. — 
{ Fifty-eight per cent of patients in the range from 150 to 225 mg. per cent; only 20 per cent in the range 


> 250 mg. per cent. 


TABLE 25 
Basic Fottow-up Data on 4 Groups: May 1, 1956 

a, Shiccber Duration on study Duration on 10 mg. 

Number of |Number 

Group of patients) of 
patients) lost to | deaths | 0-12 |13-24 |25-36| >36 | 0-6 | 7-12 |13-18 |19-24 
study mos. | Mos. | MOs.| mos. | mos. | mos. | mos. | mos. 
Bemes— placebo... ws. co a. ot 49 4 S ZOTAG aL 2 0 0 ONO 
Derles—estropens ....... <-5 =. 53 8 1 ZO Maa 2 2 Laie On els di hel Sa ene 1 
Off series—placebo......... PS 28 lirS. 6 6B OP Ob 04 Oe 
Off series—estrogens....... | 40 6E > oN oa eee Sa |e Zune ovale Oise 3 
| 


* One patient elected to drop from study after recurrent myocardial infarction. 
+ Two patients elected to drop from study after recurrent myocardial infarctions. 
t Number of patients. 


TABLE 26 
EFFECTS OF VARIOUS ESTROGEN DOSAGES ON SERUM LIPIDS AND LIPOPROTEINS 
Status Se en a | ay <1 aed C/P ratio att ae 
Control 243 | 283 0.86 122 
Px 1.25* 254 | 288 0.88 = 
Bas 231 275 0.84 136 
Px 4.0 238 | 298 0.80 240 


* Some of these patients also received testosterone 10.0 mg. daily during the early months of treatment. 


during subsequent months of treatment (TABLES 27 and 28).* So consistent is 


the effect of estrogens on a-lipoprotein in particular, that this datum (together 
with examination for signs of feminization) is used as a key criterion for check- 
ing adherence to therapy—obviously a difficult and crucial problem in such a 


study. 
With this estrogen dosage practically all patients also develop more or less 


the 13- to 24-month 


* There is a suggestion of a secondary rise in cholesterol, and hence a C/P ratio during ay 


treatment period. Additional months of observation are needed to determine if tolerance to estrogen eventu 
supervenes. 
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TABLE 27 
SERIAL EFFECTS OF 10.0 MG. EsTROGENS ON SERUM Liprps: May 1, 1956 


Annals New York Academy of Sciences 


Total 


Phospholipids 


Group Status Se ee (mg.%) C/P ratio 
ies—est 10 Control 249 280 0.89 
Sc chaae as er 254 310 0.82 
2 mos. R 244 309 0.79 
3 mos. R 224 295 0.76 
4-6 mos. R 224 Sud 0.72 
7-12 mos. R 223 301 0.74 
13-24 mos. R 241 301 0.80 
Off series—estrogens Control 240 275 0.87 
10 mg. 1 mo. R 229 290 0.79 
2 mos. R 229 286 0.80 
3 mos. R 216 292 0.74 
4-6 mos. R 215 303 0.71 
7-12 mos. R 220 293 0.75 
13-24 mos. R ASHI 296 0.78 
TABLE 28 
SERIAL Errects OF 10.0 MG. ESTROGENS ON SERUM LIPOPROTEINS: May 1, 1956 
es = 5 ae 
Grou Status at as —S1.21 25-40 SB as 
x ae | 32 (mg.%) af] ae 
oe bec ee lenis 
Series—estrogens Control 170 15 255+ | 20%* 56 75 
O mg. SO%t 
1-3 mos. R 252 22 271+ | 31% 53 95 
54% 
4-6 mos. R 227 23 230+ | 50% 54 94 
30% 
7-12 mos. R 255 15 265+ | 29% 44 38 
47% 
13-24 mos. R 236 13 262+ | 18% 47 53 
65% 
Off series—estro- Control 135 28 287+ | 11% 37 54 
gens 10 mg. 56% 
1-3 mos. R 214 18 236+ | 40% ae 44 
27% 
4-6 mos. R 262 23 249+ | 27% 39 : 48 
55% 
PAD mosh 236 | 15 | 183+ | 44% | 49 | 58 
33% 
13-24 mos. R 238 |. 20") Wasa I qoz esg ae 
75% 


* Per cent of patients in ra 
} Per cent of patients in ra 


nge from 150 to 225 mg. per cent (TABLE 24, footnote 
nge >250 mg. per cent (TABLE 24, footnote). 
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marked gynecomastia and decrease in libido and potency. These side effects 
only occasionally resulted in discontinuation of therapy. On the contrary, the 
chief cause of the attenuation of patients has been their removal to another 
city where follow-up could not be arranged. No significant toxic effects have 


TABLE 29 
RECURRENCES OF MyocarpiAt INFARCTION: MAY 1, 1956 
G Number Patients ee Nonfatal Fatal 
oe of patients ae fatal and | recurrences recurrences 
nonfatal 

meries——Placebo:: .2 . .<o.<2. 56.0255 49 4 7/4t 4/2 3 
SOS SS RG ne a wed en ae 53 8 5 4 1 
Oi series Hlacebieeese a5 - as oes 30 2 10/9 3) 2 
Git seres—estropens... 25. s.ose. oe 40 6t 5 4 1 
MRC Ds re oho es ols Comin ote ac ames 6* 17/13 9/7 8 
PMIRESEROPERS © eee ee ae ce | OS 14F 10 8 2 


* One patient elected to drop from study after recurrence of myocardial infarction. 

+ Two patients elected to drop from study after recurrences of myocardial infarction. 

t Seven recurrences in 4 patients; that is, the numerator designates the number of recurrences, the denomi- 
nator designates the number of patients involved (thus some patients had 2 or more recurrences). 


TABLE 30 
RECURRENCES OF MYOCARDIAL INFARCTION IN Goop-Risk Patients: May 1, 1956 
Number Patients OM ees Nonfatal Fatal 
Group of patients pensces fatal and | recurrences | recurrences 
STUY nonfatal 
Series—placebo................---- hee 49 3 5/3 2/1 3 
Denies CSELOPENS: -..- - 2.2 - eres - 38 | 7 2 2 0 
Onisertes— placebo 4, + ile cle a2 = | 10 0 2 2 0 
Off series—estrogens................ 12, 1 1 1 0 
PACED Ory, Seite rer ste ate Hels ages 51 3 7/5 4/3 3 
A CSEEO REIS ee as Civ ae sees Sele eee ae = 50 8 3 | 4 | 0 
TABLE 31 
RECURRENCES OF MYOCARDIAL INFARCTION IN Poor-Risk Patients: May 1, 1956 
; All 
G Number eee recurrences,| Nonfatal Fatal 
a of patients study geet ane recurrences | recurrences 
Series=—pldCeDG.. we xin. ele sence ss 8 1 2/1 2 , 1 i 
Serles—Cstrovenss te... ne he tans 11 0 2 7 
Off series—placebo.......+.......-- 18 thd 8/7 : : 
Off series—estrogens...........--. 20 4t 4 : 
PAM IACED Onna tetas eu aae iia 2 cs > 19 hg 10/8 5/4: ; 
PAIGESEFOZENS 1 oaie eetele sais gt eo 31 4t 6 5 


i ial infarction. 
* One patient elected to drop from study after recurrence of myocardial inf D 
t pan patients elected to drop from study after recurrences of myocardial intarction. 
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been noted from long-term medication with these natural estrogens. No 
evidence of significant estrogen-induced fluid retention has been forthcoming. 

Recurrences of myocardial infarction, fatal and nonfatal, in the 4 groups are 
summarized in TABLES 29 to 32. The data on fatal myocardial infarction are 
suggestive of a trend. These data are of statistically significant at the present 
time, however. A considerably longer period of observation, with further 
enlargement of the groups, is essential before a definitive answer will be forth- 
coming. No conclusion is warranted at the present time, beyond the estimate 
that the study warrants continuation and expansion. In the interim, estrogens 
must be regarded as being at the stage of clinical trial and, hence, as of un- 
known therapeutic efficacy. 

Irrespective of the ultimate outcome of the assessment of this potential 
therapeutic agent in particular, it is evident that the mere undertaking of such 
a study (and others like it, as on therapy with anticoagulants, diet, and plant 
sterols) represents a historic step forward. Weare not long out of the era when 
arteriosclerosis was senescence and, as such, was considered inevitable, irrevers- 
ible, and insoluble. It is indeed most fortunate and significant that such neg- 
ativistic, fatalistic, enervating dogmatism has been swept aside and replaced by 
vigorous optimistic scientific activity, aimed at both understanding and control, 
prophylaxis and therapy. 

Finally, to place the present clinical investigation in proper perspective, it is 
obvious that estrogens are not and can never be a basic “‘answer”’ to the ather- 
osclerosis problem. At most they may turn out to be therapeutic weapons. 
They almost certainly can contribute little to the achievement of our decisive 
objective—the prevention of coronary heart disease. After all, it is biologically 
and socially untenable to propose “‘prophylactic feminization” of the male sex! 

Accordingly, the years ahead must witness a continuation and intensification 
of the present multifaceted research assault on the atherosclerosis problem, 
skillfully combining the methodologies of epidemiological, clinical-pathological, 
and animal experimental investigations. The achievements of the last decade 
augur well for the eventual realization of the coveted goal—a hygienic regimen 
and mode of life that will eliminate atherosclerotic disease. 
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ATHEROSCLEROTIC COMPLICATIONS IN 
HYPERTENSIVE DISEASE* 


By A. C. Corcoran, Lena A. Lewis, Harriet P. Dustan, and Irvine H. Page 


Division of Research, The Cleveland Clinic Foundation, and the Frank E. Bunts Educational 
Institute, Cleveland, Olio 


Treatment of severe hypertensive disease has greatly improved during the 
past 5 years. This improvement has been accomplished largely through the 
use of antihypertensive drugs. These drugs have subtracted little from our 
lack of basic understanding of the causes of hypertension, but experience with 
them has clearly demonstrated that hypertension, as such, is a major factor in 
hypertensive vascular disease. The use of these preparations has also greatly 
altered the natural course of hypertensive disease. For example, whereas car- 
diac failure was once the predominant cause of death in this condition, it is now 
very uncommon. 

We have been increasingly concerned by the fact that many of these treated 
patients, including some with satisfactory control of blood pressure and appar- 
ent remission of hypertensive disease, have suffered from or succumbed to com- 
plications of atherosclerosis. The present report is concerned with an examina- 
tion of this fact, with the primary aim of establishing criteria that might be used 
to predict — and, we hope, ultimately to forestall — atherosclerotic complica- 
tions in treated hypertensive patients. 


Procedure 


This study is based on 106 patients, all of whom were first observed for 
periods of several weeks in the hospital. During this time, the disease process 
was categorized as ‘‘malignant’”’ or “essential,” according to our estimates of 
the severity and rate of progress of the condition. The distribution of these 
patients by these categories and by age and sex is shown in TABLE 1. Of the 
106, 75 were between 40 and 59 years of age, and 42 between 40 and 49. The 
majority were males, a fact that, in view of the somewhat greater incidence of 
hypertension in women, probably reflects the greater severity of the disease in 
men. 

A Severity Index, described elsewhere! was used to summarize the relative 
clinical status of each case. This index allots 4 possible units to each of 4 
panels of examination (diastolic pressure and cardiac, renal, and cerebral 
status) So that minimal hypertension would be graded as 1, and the maximum 
(diastolic average over 140 mm. Hg, severe heart and renal failure, and a fresh 
stroke) as 16. The distribution of the patient groups in terms of the severity 
index is shown in TABLE 2. In the malignant group, the mean index was 9.0 
(range 6.0 to 14.0). The mean in the survivors of this group was 7.9 and 
among those who died, 10.3. The mean index in those classed as “essential” 


was 5.9 (range 1.5 to 9.5), and the means among survivors and those who died 
were respectively 5.4 and 7.3, 
* This investigation was supporte 


; din part by a research grant from the Nation i i 
i . é sonia! bY & ’ a al Heart Instit 
Institutes of Health, Public Health Service, Department of Health, Education and Welfare, Betede Ma 
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TABLE 1 
DISTRIBUTION OF PATIENT Groups BY AGE AND SEx 


Whole group | Malignant Essential 
Age range —— i 7 : a x 
M. F. M. F, M. F. 
10-19 1 1 7 1 1 
20-29 2 2 2 1 1 
30-39 6 8 2 6 4 D 
40-49 31 16 21 8 10 8 
50-59 27 6 17 1 10 5 
60+ 4 2 2 ‘| 2 1 
71 35 44 17 DH 18 
Totals { 106 61 45 
TABLE 2 
DisTRIBUTION OF GROUPS BY SEVERITY INDEX 
Peeded Whole group Malignant Essential 
severity index | ] 
All | Died (Survived All Died |Survived All Died |Survived 
0-1.9 1 1 1 il 
2-3.9 6 eT gifs 6 1 5 
4-5.9 11 2 9 11 2 9 
6-7 .9 38 6 32 19 o 16 19 3 16 
8-9 .9 34 12 12 16 6 10 18 6 2 
10-11.9 18 11 i 18 1 gL 7 
12-13 .9 7 6 1 ii 6 1 
14+ 1 1 


The cases have been observed for intervals of from 3 months to 414 years. 
Nearly all patients were given antihypertensive drugs. The majority has 
been under treatment with ganglion blockers, either alone, or in combination 
with reserpine, and a smaller group was given hydralazine over long periods of 
time. Response to treatment was graded as Good (persistent, definite reduc- 
tion of supine diastolic pressure average to less than 110 mg. Hg, with clinical 
improvement); Fair (moderate decrease in supine diastolic average with im- 
provement); and Poor (no response, or a decrease in standing diastolic pressure 
only, often with some clinical improvement, such as remission of the syndrome 
of malignant hypertension). For the purposes of this report, the categories 
Fair and Poor will be considered together. 

Cerebrovascular accidents, whether fatal or not, myocardial infarcts, angina 
pectoris, and aortic aneurysm were taken as evidences of definite atherosclerotic 
disease, and the cases were correspondingly classed as atherosclerotic and non- 
atherosclerotic, without prejudice to the latent atherosclerosis undoubtedly 
present in most of the nonatherosclerotic group. ; 

Analytical procedures consisted in determining serum proteins, cholesterol, 
and lipoproteins. Serum proteins were determined electrophoretically by 
Longsworth’s modification of the Tiselius method (phosphate buffer pH 7.8, 
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ionic strength 0.16). Serum cholesterol was determined by the method of 
Abell, Levy, Brodie, and Kendall,” and lipoproteins by the Gofman procedure as 
modified by Green, Lewis, and Page.’ 

Inspection of the data indicated no consistent abnormalities in concentrations 
of serum total protein, albumin, and a- or y-globulin, the listing below is 
therefore confined to 8-globulin, expressed as the percentage of the total protein. 
The average normal 6-globulin by the procedure used is 15.2 per cent, and the 
range of normal 12.0 to 17.3. As concerns the —Sy.21 lipoprotein fractions, we 
were particularly interested in the high-density fractions with slow flotation 
rates (—S2-8), the low-density fractions with rapid flotation rates (—S40-70-++ 
>70), and in the ratio between these 2 concentrations. We have not listed 
the intermediate fractions —S23 and —S30 in this report. To some degree, 
variations in these fractions would be reflected in changes in serum-cholesterol 
concentration. 


Results 


(1) Comparative mortalities. The total mortality in the 2 patient groups is 
summarized in TABLE 3, which also lists mortality in the malignant group ac- 
cording to the severity of the disease and, in both groups, by the estimate of 
therapeutic response. Predictably, mortality is greater in the malignant than 
in the essential group and, in the malignant group, it is greater in those with 
more severe disease (Severity Index of 10 or more). In both malignant and 
essential groups, mortality is greater in those whose therapeutic responses were 
graded as Fair and Poor than in those graded as Good. Improved survival of 
patients with malignant hypertension now, as compared with experience in 
1939, is demonstrated in FIGURE 1, in which are compared the percentages of 
survivors in our treated malignant group and in the comparatively untreated 
Grade IV group of Keith, Wagener, and Berker.* 

(2) Atherosclerotic disease. TABLE 3 lists, together with the over-all mor- 
tality, the mortality attributed to atherosclerotic disease and the incidence of 
nonfatal atherosclerotic complications. The average incidence of fatal and 
noniatal complications of atherosclerosis is alike in the major groups, at about 
one third. In the essential group, atherosclerosis accounted for nearly all 
(11 of 12) deaths. It accounted for only one third of the deaths in the malig- 


TABLE 3 
Morvatity, THERAPEUTIC RESPONSE, AND INCIDENCE OF ATHEROSCLEROTIC DISEASE 
= Sintee Gone Atherosclerotic disease 
of patients | of deaths 
Fatal Nonfatal Total Per cent 
Malignant.......... 61 27 10 7 7 
MESS Awe 17 28 
EF are ruaas coaentiwt eee one 26 18 4 S if 27 
. = es Ooi er 35 9 6 4 10 28 
ee SO SOEE OR ee 45 12 11 3 14 31 
Sec. 2, oe ee RE A te eae 1 & 
ee 06 39 Dill 10 31 29 
Goodaowarrs 49 ill 
HORS 9 nai eco eae hue ¢ 5 
INEHOP GHG! POH, ac anno oe on 28 16 : : 40 
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FIGURE 1 


nant group (TABLE 4). The other major causes of death in the malignant group 
were renal failure on the one hand and pulmonary fibrosis associated with the 
use of hexamethonium on the other. Had the complications been avoided, 
especially pulmonary fibrosis, it is likely that atherosclerosis would have been 
the major cause of death in this group also. 

The data of TABLE 3 do not suggest that the severity of the hypertensive proc- 
ess contributes greatly to the incidence of atherosclerotic disease. In both 
the malignant and the essential groups, however, atherosclerotic complications 
were more common (40 per cent incidence) in those with Fair and Poor re- 
sponses to treatment than in those with responses considered to be Good (16 per 
cent). This association suggests that atherosclerotic complications are related 
to the persistence of uncontrolled hypertensive disease. 

(3) Serum analyses, pretreatment. Results of these observations are sum- 
marized in TABLES 5 and 6. TABLE 5 shows the incidences of abnormal concen- 
trations among the analyses, and TABLE 6 shows the averages of these means of 
concentrations in patient groups. In both, there have been separated out those 
cases with and without manifest atherosclerotic disease. 

In compiling TABLE 5, relative concentrations of 6-globulin greater than 16.9 
per cent were listed as abnormal. The values indicated as abnormal for serum- 
cholesterol and lipoprotein concentrations were those that fell outside the range 
of 80 per cent of the values found among normal subjects of like sex and age in 


this laboratory. Bo 
Serum @-globulin concentration was increased in about equal proportions in 
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TABLE 4 
CausES OF DEATH AND COMPLICATIONS OF ATHEROSCLEROTIC DISEASE 


Group Causes of death No. Nonfatal complications No. 


Malignant | Renal failure 10 Cerebrovascular accidents| 7 
Pulmonary fibrosis 7 (among 35 survivors) 

Atherosclerotic 
myocardial infarct 5 
cerebral hemorrhage 4 
aortic aneurysm if 
Unknown 1 
28 


—y 


Essential Renal failure Cerebrovascular accident | 1 

Atherosclerotic Angina pectoris (among | 2 
myocardial infarct 33 survivors) 
cerebral hemorrhage 
aortic aneurysm 


rary 
S | Ron 


iovalkatherosclenotc deaths ise 21 (of 40) 


TABLE 5 
DISTRIBUTION IN PATIENTS’ GROUPS OF ABNORMAL SERUM CONCENTRATIONS 
OF B-GLOBULIN, CHOLESTEROL AND —Sj,91 SERUM 
LiIpoPROTEINs, 2-8 AND 40-70 


Lipoprotein —Si.21 
Group 8-globulin high |Cholesterol high 
2-8 high | 2-8 low 40->70 high 
Ay earshot ace hs aon aras 63 (91)* 19 (78) 5 14 (78) 8 
Mia Wem anit idee eee ger ere 34 (S51) 14 (44) 5 12 (40) 6 
Essential... sues ers ess aaah tn 29 (40) 5 (34) 0 2 NSE) 2 
ENUMOSAAOUNE. pa ncene sol) 22) (ey 7 (24) 1 4 (25) 0 
Nonatherosclerotic....... . 41 (62) 12 (54) 3 13 (52) 8 


* Bracketed numbers refer to numbers of patients tes { 5 Sa 
s atient m Sw ck 2 an 
ANNO QaRACRIS ENRON. p s tested, and numbers without brackets indicate incidence of 


the patients of both major groups, without associating it with the presence or 
absence of atherosclerotic disease. Serum-cholesterol concentrations were 
more commonly abnormal in the malignant (one third) than in the essential 
group, (one seventh), and in patients with atherosclerotic disease (one third) 
than in those without (one fifth). Abnormal concentrations of the 2 serum 
lipoprotein fractions studied were infrequent, except as low concentrations of 
the —S2-8 fractions found in nearly one third of the malignant group and 
about the same proportion in the nonatherosclerotic group. 

The listing of means of the concentrations of these substances (TABLE 6) 
shows a general association with the incidences of TABLE 5, 6-globulin con- 
centration was increased in both major groups, but to a greater degree in the 
malignant than in the essential. Serum-cholesterol content was higher in 
patients with atherosclerosis than in those in whom this process was not mani- 
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TABLE 6 


MEANS OF SERUM $-GLOBULIN, CHOLESTEROL AND LIPOPROTEIN 
FRACTIONS IN HYPERTENSIVE DISEASE 


| 8-globulin, Cholesterol, Lipoproteins —Si.21, mg. 

per cent mg. per 100 ml. per 100 ml. ; 
Group | No. No. 

Mean | S.D. | Mean| S.D. 28 [40-70 2-8/40->70 
mean |mean mean 
All... SA a EE Seen, ae | 78 | 18.4 | 42.9 | 239 |-=-50 | 77 | 158 | 77 35 
Malignant....... | 43 | 18.6 | 43.2 | 243 | +56 | 40 | 164 | 74 BO) 
Essential... . Spite oie Sohal? ee as 35 | 18.0 | 42.4 | 236 | +30 | 37 | 153 | 74 Bil 
mitherosclerntic, .............| 24 | 18.9 | 2-2.9-| 249 | +438 | 75 | 153 | 77 2.9 
Nonatherosclerotic.......... 54 | 18.1 | +2.8 | 235 | +60 1°52 | 161 | 33 3.4 


Means of serum fractions and standard deviations in the cases of 8-globulin and cholesterol. The data used in 
calculating the standard deviations are from patients who had these 2 analyses done simultaneously, so that the 
numbers observed (No.) differ slightly from those indicated in TABLE 5 and from those indicated as having had 
lipoprotein analyses. The differences between means of the groups divided by the standard errors of the differ- 
ences are in no instance greater than 1.4. 


TABLE 7 
SERUM ANALYSES BEFORE AND DURING TREATMENT 


8-globulin, per cent | Cholesterol, mg. per 100 ml. 
Group a Vig bala ; 

Pre Post & | Post. B é & é & Post 
LES es ae, See 8 18.5} 16.7 (73) |241| 224 (66) | 82) 88/168/156'3.2| 2.9 (67) 
Mahenant. 2 .a:-%-..--.- 18.8] 16.2 (38) |245] 216 (37) | 92/102/181/152/3.2| 2.1 (34) 
PIGGeriialt nant: eh Gras Sea) Li 2s (35) 237| DSA K29 7 FASS LOLI S23) aon (3) 
dae ee See e825) 16.5 (G3) 1234) 212 160) | 58) 8411681145)3..2) 3.2 (31) 
Bare -'-"POOr. <2: s0 ans 18.5) 17.0 (40) |248) 234 (36) |102| 91|168)166/3.3} 2.7 (36) 
Atherosclerotic.......... 18.9} 17.8 (24) |253] 224 (20) | 90) 85|167/165/2.8) 2.2 (20) 
Nonatheroscierotic..... . 18.3 16.2 (49) 236 224 (46) | 78) 89 168/153/3.4| 3.2 (47) 

' ! | 


Bracketed numerals indicate numbers of patients tested. 


fest. Neither difference is statistically significant. Means of the concentra- 
tions of —S2-8 and 40->70 were not remarkable, except as the means of the 
ratio 2-8/40->70 were higher in the malignant group and in the nonathero- 
sclerotic group, and lower in the atherosclerotic and essential groups. 

(4) Serum analyses—effects of treatment. Measurements of serum concen- 
trations of protein, cholesterol, and lipoprotein were repeated at intervals 
during treatment in most of the patients. From the lists of posttreatment 
data, individual determinations were selected as representative of typical phases 
of the patient’s course. Means of these phases, with the corresponding pre- 
treatment means, are listed in TaBLE 7. The data are grouped by diagnosis 
(essential or malignant), by therapeutic response (Good or Fair plus Poor) 
and according to the presence or absence of manifest atherosclerosis. 

Serum 6-globulin and cholesterol mean concentrations decreased in all groups 
tment. The highest pretreatment concentration of B-globulin was 
in the malignant group, in which there occurred the greatest fall during treat- 
ment. Posttreatment decrease in 6-globulin in the essential group was less 
marked. ‘The decrease in @-globulin is greater in those with Good therapeutic 


during trea 
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TABLE 8 


Errect oF HypRALAZINE AND OTHER HyPOTENSIVE AGENTS ON 
MEANS OF SERUM 6-GLOBULIN AND CHOLESTEROL 


-globulin, , Cholesterol, mg. 
° Pet ee . per 100 ml. 
No. pts. No. 
Pre. Post. Pre. Post. 
i ; 219 
ivdralazine ae meen tein aaa ke eee ae 19.2 16.9 12 231 
Nuaieiralaoine A Bhaclanc enone evel: cereale: 47 18.5 16.6 43 236 219 


response than in those with Fair and Poor responses. The decrease was less in 
patients with atherosclerotic disease than in those without it. 

Serum-cholesterol decreases during treatment were of the order of 10 per 
cent, and they were somewhat greater in the malignant than in the essential 
group, greater in those who responded well than in the Fair and the Poor class, 
and greater also in the atherosclerotic than in the nonatherosclerotic group. 
Pretreatment and posttreatment mean concentrations of the lipoprotein frac- 
tions did not show any remarkable changes. The ratios of the fractions de- 
creased in most groups, with the greatest decreases in the malignant and the 
atherosclerotic groups. 

In order to determine whether the posttreatment decreases in serum 8-globu- 
lin and cholesterol concentrations were associated with a specific drug, such 
as hydralazine, that has been reported to decrease serum-cholesterol con- 
centration,’ the data used in constructing TABLE 7 were regrouped in TABLE 8. 
These data are grouped according to whether the patients were or were not 
under treatment with hydralazine. As noted above, those patients not under 
treatment with hydralazine were, for the most part, receiving ganglion-blocking 
agents and/or reserpine. Similar posttreatment changes in 6-globulin and 
cholesterol concentrations were found in these 2 groups on different regimens. 


Discussion 


(1) Atherosclerosis in hypertensive disease. The observations emphasize the 
significance of atherosclerosis as a complication of hypertensive disease. This 
observation is not at all novel in patients with essential hypertension. Since 
the antihypertensive drugs have brought about remissions in the course of 
malignant hypertension, however, atherosclerosis has become a major problem 
in these patients also, and some of them die or are disabled by such compli- 
cations during the course of otherwise satisfactory remissions. : 

(2) Prediction of atherosclerosis. The data presented above contribute per- 
haps more to the problem than to the answer. On clinical grounds, there is 
found to be an association of atherosclerotic disease with poor or only fair 
control of hypertensive disease, whereas the incidence of such complications is 
decreased by good control. The inference is that susceptibility to athero- 
sclerotic disease is increased by persistence of the hypertensive state. 

The serum analyses do not provide definite leads to prediction, except as 
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there is some association of increased serum cholesterol and 6-globulin concen- 
trations, with subsequent atherosclerotic disease and an association of athero- 
sclerotic complications with inadequate decrease in serum 6-globulin and choles- 
terol concentration during treatment. The degree of association is small in 
both cases. The pretreatment ratio —S;.. 2-8/40->70 is low in malignant 
hypertension, as compared with other groups, primarily because of a tendency 
to low concentrations of 2-8 lipoprotein. 

(3) Changes in serum during treatment. Two major problems are raised 
by these data. One concerns the nature of the material that contributes to the 
increase in serum §-globulin concentration in untreated hypertensive disease. 
An increased concentration of 8-globulin has been previously described from 
observations made in patients with malignant hypertension, in dogs with experi- 
mental renal hypertension in this laboratory,® in rats made hypertensive by 
administration of desoxycorticosterone acetate (DCA), and in DCA-hyper- 
tensive rats given renin.S The associations of changes in serum 6-globulin and 
serum-cholesterol concentrations during treatment suggest that the substance 
in question may be a lipid-containing protein. If this is the case, however, the 
data indicate that it is not to be found as a discrete component of the serum- 
lipoprotein fractions —S, 2 2-8 or 40-> 70; that is, in either the very dense or 
the very light lipoproteins. 

The second problem raised concerns the nature of the process that leads to 
decreases in serum cholesterol and §-globulin concentrations during treatment 
of hypertensive disease with a variety of agents and in the absence of any 
specific dietary restriction. These decreases, as noted above, are more pro- 
found in patients with malignant hypertension, in whom there is presumed to 
be rapidly advancing vascular disease. The greater changes in this group may 
reflect the sudden remission of the vascular damage. Remission of advancing 
vascular disease and, to a varying degree, decrease in blood pressure are the 
only factors in common that we can as yet identify with the change in serum 
B-globulin. Another possibility must be considered. Many patients lose their 
appetites during the period in the hospital while the drug treatment is being 
instituted. Since caloric restriction is a recognized means of reducing plasma 
lipids, it may be that this change in diet contributed to some of the changes 
observed. 

The lack of association of atherosclerosis in hypertensive patients with de- 
finable changes in the serum-lipoprotein fractions studied suggests that factors 
other than increased or abnormal serum lipoproteins predominate in athero- 
genesis in this condition. Presumably these are comprised by the processes 
grouped together as “hypertensive vascular disease.” One of these is ag 
tension as such, which would increase transarterial filtration from plasma. 
Another may be arteriolar disease of the vasa vasorum. In either case, then, 
as the data suggest, the presence of severe hypertension 1s an indication for 
effective antihypertensive treatment, and one of the aims of treatment 1s pre- 
vention of atherosclerotic complications. The likelihood of such complications 
may be predicted in those patients who respond inadequately or who receive 
only poor or ineffective treatment. 
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Summary 


(1) Complications of atherosclerosis are major factors in the death and dis- 
ability of patients under treatment with antihypertensive drugs. 

(2) These complications are more common in patients who do not respond 
well to drugs and to other hypotensive regimens. F rom this it is inferred that 
the duration and, other things being equal, the severity of the hypertension is 
a major factor in atherogenesis in hypertensive disease. <TR 

(3) Sera of patients with hypertensive disease commonly contain in- 
creased concentrations of material that has the electrophoretic mobility of 
6-globulin and, to a less extent, of cholesterol. Concentrations of both tend to 
return toward normal during antihypertensive treatment. The increased 
concentrations of @-globulin and cholesterol do not show clear associations with 
serum concentrations of —S;.2 2-8 (dense) or 40-70 (light) lipoproteins, or 
with ratios of concentrations of these substances. 

(4) Increased serum concentrations of 6-globulin and cholesterol are more 
common in patients who develop atherosclerotic disease than in those who do 
not and, in these latter, the concentrations of these substances do not tend to 
return toward normal during antihypertensive treatment. 

(5) The observations made indicate that factors other than abnormalities 
of serum-lipid or lipoprotein concentration are primary in atherogenesis in 
hypertensive disease. The data also suggest that prompt effective treatment 
of severe hypertensive disease is the best means at hand for the prevention of 
atherosclerotic complications in such patients. 


Addendum 


The above survey of serum concentrations of 6-globulin and of lipoproteins 
did not, for the reasons stated, include data on all the fractions measured. The 
abridged presentation is therefore supplemented by full data from pretreatment 
and posttreatment means of serum-protein and lipoprotein fractions in a repre- 
sentative group of 17 surviving patients orginally classed as suffering from 
malignant hypertension. 

The serum-protein values are as follows: 


Total protein Albumin a-globulin B-globulin y-globulin 
Pre. Post. | Pre. | Post. | Pre. | Post. | Pre. | Post. | Pre. | Post. 
2 = = — |_ = 
aim, LAE MOO wh ooo ce ee 6.90) 7.07) 4.15) 4.30} 0.45] 0.47} 1.22] 1.17] 0.94] 0.97 
O19 O16 11950 116.6 se (sic7 


jC WAM, vatioued ooace ... {100 100 60 ol 


This compilation demonstrates the normal concentrations of other fractions 
than B-globulin in this group of patients, and the fall in absolute as well as 
relative concentration of 8-globulin during treatment. 

The serum-lipoprotein concentrations are as follows: 
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—Si.21 > 70 —S1.21 40-70 —S1.91 30 =S1.21 23 —Si.a1 2-8 


Pre, Post. | Pre. | Post. Pre. | Post. | Pre. | Post. | Pre. | Post. 


mg. per 100 ml........... | 74 | 55 | 50 | 38 | 197 | 178 | 21 | 17 | 156 | 134 


In this group, all of the serum-lipoprotein fractions were decreased in con- 
centration in the posttreatment data. The over-all decrease is 74 mg. per 100 
ml., and the sum of the decreases in the fractions 30-40-70-+ >70 is 50 mg. 
per 100 ml. Either of these decreases in concentration would account for the 
observed 50 mg. per 100 ml. decrease in electrophorectically measured 8-globu- 
lin. The concurrent decrease in serum cholesterol was 10 mg. per 100 ml. 
It thus seems possible that, by abridging the consideration to the —S2-8 
and 40—> 70 fractions, we may have lost sight of an association between changes 
in 6-globulin, cholesterol, and lipoprotein (over-all, or 30 + 40-70+ >70) 
that further analysis may discern in the total patient group. 
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Part V. Disorders of the Central Nervous System 
INTRODUCTION TO PART V 


By James E. P. Toman 
Chicago Medical School, Chicago, Ill. 


Introduction 


This final section of the monograph differs from the others in that it deals 
with many themes rather than one. We shall be concerned with test methods 
for prediction of clinical efficacy of drugs intended for use in a number of dif- 
ferent disorders of the central nervous system, all requiring different therapy. 
The various authors will deal with anticonvulsants, antiparkinsonian drugs, 
antispastics, tranquilizers, sedatives and analeptics, and other drug groups as 
well. Therefore, at least among the authors of this section, there will be little 
occasion to lock horns in controversy over either methods or principles, since 
each participant will tend to be concerned with his own province of investiga- 
tion. 

There are certain common denominators of approach, however, that tend to 
bring our contributors together, over and above their concern with the nervous 
system: 

(1) In addition to their practical contributions, all of these investigators are 
concerned, sometimes predominantly, with theory of mechanism of action of 
drugs, and even with the use of drugs as tools to dissect the basic features of 
normal behavior as well as of disease. Such preoccupations are characteristic 
of the new and growing field of neuropharmacology. Although the “practical 
man” may sometimes be impatient with these theoretical diversions, they are, 
in the long run, our best guarantee for the rational development of new therapy. 

(2) It is interesting to note that most if not all of these investigators empha- 
size batteries of tests and profiles of action rather than single procedures. 
They attempt to achieve in the laboratory something akin to clinical margins 
ot safety and to explore the spectrum of useful actions as well as side effects. 

(3) These scientists avail themselves of the most modern methods of elec- 
trical recording and stimulation contributed by neurophysiology without losing 
sight of the total behavior of the animal. Indeed, in several instances they 
have contributed valuable techniques for quantitative measurement of features 
of overt behavior. Furthermore, it will be evident from the subject matter of 
two of these articles that neuropharmacologists are turning more and more 
toward quantitative observation of the higher functions of the nervous system, 
including conditioned motor and affective behavior. 

On the other side of the balance sheet, however, we must list certain present- 
day weaknesses of neuropharmacology: 

(1) The ultimate usage of many of the drugs most widely employed in neu- 
rology and psychiatry today did not necessarily originate with correct pre- 
ee from planned laboratory investigations of the type described in this 
section. In some instances their major use was recognized only after they had 
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been tried clinically for some other reason. We are, of course, fortunate in 
that there are many astute observers practicing medicine whose findings save 
us from the consequences of our mistakes. Fortunately, too, we are usually 
safe in our predictions about broad classes of action such as depressant, ex- 
citant, and anticonvulsant, particularly when we have seen these actions in all 
available laboratory animal species. When it comes to specificity of action in 
particular disease entities, however, our predictiveness is less certain. Since 
we are rarely able to duplicate exactly a particular human disease in laboratory 
animals, we are forced to the next line of action: we take a drug that is already 
successful in clinical practice and attempt to duplicate its laboratory action 
profile with other chemical structures, hoping to find at least one that will be 
safer or otherwise preferable. Such work is essential to progress, but the prog- 
ress is often cautious and not directed toward those challenging new fields of 
therapy where model drugs are not yet available. Neither for central nervous 
diseases nor for drug mechanism of action against them does our present theory 
go deep enough. 

(2) We are even weaker in our prediction of undesirable side effects, espe- 
cially the nonneural actions such as blood dyscrasias, skin rashes, and liver and 
kidney disturbances, which may turn up only after lengthy chronic clinical 
usage. Since this is a problem in connection with any type of new drug, 
whether ataraxic or antibiotic, it becomes the task of pharmacology as a whole 
to devise whatever methods are necessary to catch the toxic manifestations in 
the laboratory before they are visited upon the patient. 

Needless to say, the state of prediction of clinical usefulness from knowledge 
of chemistry alone is so primitive that we cannot envision the millenium when 
new drugs will go directly from the synthetic organic chemist to the physician 
without the intervention of the laboratory pharmacologist. Therefore, even 
though some of our participants have made brilliant contributions to the field 
of structure-activity relations, this field will be largely bypassed in this section 
in favor of our main theme: the clinical predictive value of laboratory tests on 
animals. 


A COMPARATIVE APPROACH TO THE EVALUATION OF DRUG 
EFFECTS UPON AFFECTIVE BEHAVIOR 


By Joseph V. Brady 
Walter Reed Army Institute of Research, Walter Reed 
Army Medical Center, Washington, D. C. 


Recent developments in the use of chemicotherapeutic agents for clinical 
psychopathology have stimulated renewed interest in laboratory testing 
methods for assessing behavioral and central-nervous-system changes asso- 
ciated with such drug administration. Animal-conditioning techniques prom- 
ise to provide at least one potentially valuable approach to some of the prob- 
lems in this area, although the selective assessment of specific drug activity 
at neural and behavioral levels has continued to present many difficulties. Of 
particular concern in this respect would seem to be the numerous methodologi- 
cal and theoretical problems involved in the experimental evaluation of emo- 
tional or affective behavioral changes related to the action of certain pharma- 
cologic agents. The purpose of this report is to describe a method, based 
upon earlier animal experimental work,'? for reliably producing and selectively 
measuring emotional behavior patterns in experimental animals, and to il- 
lustrate the use of this method for investigating the effects of drugs. 


Method 


Rats and monkeys, deprived of solid food and liquids for 24 hours or more, 
were trained to press a bar for a reward of water (rats) or sugared orange juice 
(monkeys) in modified Skinner boxes. Initially, the animals received a drop 
of the liquid reward every time they pressed the lever (continuous reinforce- 
ment), although they were rapidly shifted to a schedule on which the bar-press 
produced the reward only aperiodically (variable-interval reinforcement, on 
the average of once per 60 seconds). F1iGuRE 1 shows a record produced by a 
monkey pressing on a lever on such a variable-interval reward schedule during 
daily experimental sessions lasting for at least several hours. This record 
was obtained by using a cumulative work recorder that consists basically of a 
kymograph moving the paper horizontally at a constant rate (11 inches per 
hour) and a pen that moves vertically across the paper by a small increment 
each time the animal presses the lever (900 lever responses per 5 inches). The 
pen automatically resets to 0 whenever a complete vertical excursion of 900 
responses has been made. This cumulative curve consequently indicates how 
many lever responses the animal has made, and each pip on the curve indicates 
When a response was rewarded on the variable-interval reinforcement schedule. 
The slope of the curve provides a direct measure of the animal’s lever-pressing 
rate over a period of time. 

When the lever-pressing rates for all animals had stabilized on a variable- 

interval schedule such as that illustrated in rrGURE 1, a conditioned emotional 

response of the “fear” or “anxiety” type was superimposed upon the bar- 

pressing behavior according to a modification of a basic procedure previously 

described in some detail.’ Briefly, a clicking noise was presented at regular 
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-— + 200 RESPONSES 


PO MINU TES 


r FIGURE 1. Sample cumulative-response curve for monkey L-1 showing the stable lever-pressing rate main- 
ped by : emai p bet ene pane lake reward. ‘The oblique pips on the curve indicate the aperiodic 
elivery of the reward following a response. The recorder can also be seen to hav i 
ooap dade ave been reset to the baseline 


HK 200 RESPONSES 


-———— 15 MINUTES 
FIGURE 2. Sample cumulative response curve for monkey L-1 showing complete suppression of lever pressing 
during repeated clicker presentations. Each clicker period (indicated by the offset sections of the curve marked 
“cl” for clicker and “‘sh’’ for shock) was terminated by the shock. 


intervals during the lever-pressing session and this presentation was permitted 
to continue for a fixed period. Initially, the clicking noise was termi- 
nated each time with a brief, painful electric shock to the animal’s feet 
through the grill floor of the lever-pressing apparatus. [F1GuRE 2 illustrates 
the behavior pattern that develops after several sessions of this procedure in 
the case of a monkey receiving alternate 5-minute periods with the clicker and 
without the clicker during lever-pressing for the variable-interval sugared- 
orange-juice reward. With the pain shock following each 5-minute clicker 
presentation, virtually complete suppression of the lever-pressing behavior was 
apparent during the clicker periods indicated by the offset sections of the 
cumulative curve, although the stable lever-pressing rate was maintained 
throughout the 5-minute intervals between emotional conditioning trials. 
After several experimental sessions with shock following every clicker pres- 
entation, all animals were shifted to a schedule that provided only occasional 
termination of the clicker stimulus with the shock. Although the clicking 
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FicurE 3. Sample cumulative-response curve for rat AA-26 showing the development of a stable-conditioned- 
suppression pattern on the 30 to 50 per cent pain-shock-pairings procedure. The short offset sections of the curve 
mark the duration of the 3-minute clicker periods, with the straight arrows indicating clicker onset and the broken 


arrows indicating shock on the 2 trials during which it was administered. 


noise continued to be presented to the monkeys at regular intervals for fixed 
5-minute periods, and for 3-minute periods to the rats, the pain shock followed 
termination of the clicker on only one third to one half of the clicker presenta- 
tions. The effect of this procedure is shown in FIGURE 3 in the case of a rat 
receiving 3-minute clicker presentations every 7 minutes during lever-pressing 
for a variable-interval water reward. The short offset sections of the curve 
mark the duration of the clicker periods, with the straight arrows indicating 
clicker onset and the broken arrows indicating shock in the 2 trials during 
which it was administered. A marked depression in lever-pressing rate was still 
apparent during the clicker periods as compared to the 7-minute intervals be- 
tween emotional conditioning trials, but the suppression of the lever-pressing 
rate was by no means as complete as that observed during earlier training stages, 
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during which shock was administered after each clicker presentation (FIGURE 
2). Upon reaching this stage of training, however, the ratio of the number of 
lever responses during the clicker periods to the number of lever responses dur- 
ing the nonclicker periods has been found to remain stable, showing no con- 
sistent trend, during more than 100 hours of experiment with these animals. 

When all animals had attained this level of stability in the repeated “anxiety” 
conditioning procedure using 33 to 50 per cent shock pairings, daily treatments 
with reserpine were administered to each animal. For the rats, doses of 0.2 
mg./kg. were injected intraperitoneally immediately following the experi- 
mental session on each day. In the monkey, a daily dose of 0.75 mg./kg. was 
administered intramuscularly according to a similar procedure. After this 
initial treatment period, lasting for as long as 2 weeks in some animals, drug 
administration was discontinued, and a recovery period of a week or more was 
interposed before a second treatment series was undertaken. During this 
second drug series, daily doses of reserpine were again administered to each 
animal affer the experimental sessions according to the following procedure. 
For the rats, a dose of 1 mg./kg. was administered on the first day, followed 
by a dose of 0.5 mg./kg. on the second day, and 0.1 mg./kg. for the remaining 
daily treatments in the series. A similar procedure with the monkey involved 
reserpine doses of 2 mg./kg. on the first day, 1 mg./kg. on the second day, and 
0.5 mg./kg. on succeeding days. 

As a behavioral control, an additional group of rats was trained according to 
a conditioned “‘punishment” procedure superimposed upon lever-pressing in a 
manner similar to that already described for the “anxiety” response. In this 
situation, however, the pain shock was administered concurrently with a lever 
response in the presence of a tone and only if the animal pressed the bar during 
this 3-minute period. In this instance, consequently, lever pressing was 
actually “punished” in the presence of auditory stimulus, while in the “anxiety” 
situation the pain shock was administered, independently of the lever response, 
at the termination of the clicker presentation. As a consequence of this 
“punishment”’ procedure, the suppression of bar pressing during presentation 
of the tone and the maintenance of response rates in its absence are also seen 
to have developed as a stable behavior pattern, although none of the autonomic 
effects, including pilo-erection, defecation, crouching, and immobility, that ac- 
companied the conditioned “anxiety”? response could be observed in these 
animals subjected to “punishment.” Again, however, this “punishment” be- 
havior pattern could be maintained at a remarkably stable level by using only 
a 30 to 50 per cent shock-pairing procedure similar to that described for the 
“anxiety” response. Administration of reserpine to these animals, according 
to the same repeated-daily-dosage regime outlined above, provided a compara- 
tive behavioral control technique. 

Throughout the experimental and control phases of the study, a record was 
maintained of the lever-pressing output for each animal during the several 
stimulus and nonstimulus periods of the conditioning procedures. This pro- 
cedure provided for quantification of the emotional-response patterns charac- 
terizing the behavior of the experimental animals in terms of changes in output 
of lever responses during the various “anxiety” and “punishment” stimulus 
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Ficure 4. Sample cumulative-response curve for monkey L-1 showing the effect of reserpine upon the condi- 
tioned “‘anxiety’’ response. The repeated 5-minute clicker periods are indicated by the offset sections of the curve 
and continued to be paired with shock on 30 to 50 per cent of the presentations. 


periods relative to the output during other segments of the lever-pressing ses- 
sion. All programming of the experimental procedures and recording of the 
animals’ behavior were accomplished automatically by timers, magnetic 
counters, cumulative work recorders, and associated relay circuits. 


Results 


Ficure 4 shows the effects of reserpine upon the behavior of a monkey after 
daily administration of 0.75 mg./kg. for one week. 

Although the over-all lever-pressing rate was depressed more than 50 per cent 
by comparison with the normal rate for this same animal as illustrated in FrG- 
URE 2, the conditioned suppression of responding during the 5-minute clicker 
periods, indicated by the offset sections of the curve, had been virtually elim- 
inated. The animal under the influence of this drug continued to respond 
throughout the 5-minute clicker presentations at the same rate as during the 
S-minute intervals between conditioning trials, even though the pain shock was 
paired with 30 to 50 per cent of the clicker terminations. 

Essentially the same results were obtained with the rats as with the monkeys, 
although the time course for the appearance of the drug effect upon the condi- 
tioned “anxiety” response varied somewhat in different animals. In an at- 
tempt to provide a quantitative description of these changes, comparisons, in 
the form of an “inflection ratio,” were made between the number of lever re- 
sponses performed during the auditory-stimulus presentations and the number 
of lever responses performed during periods of equal duration immediately be- 
fore the stimulus intervals. This “inflection ratio” was computed for all ani- 
mals throughout the various phases of the experiment, and it indicated how 
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much and in which direction the “anxiety” and “punishment” stimuli, during 
the periods when they were presented, changed the output of lever responses.‘ 
Briefly, the “inflection ratio” expresses the difference in output between the 
nonstimulus and stimulus segments of the curve as a fraction (percentage in 
decimal form) of the output during the nonstimulus segment. (The “in- 


flection ratio” is expressed by the formula i> where A is the number of 


lever responses made before the stimulus, and B is the number made during 
the stimulus.) Complete cessation of lever-pressing during the “anxiety” or 
“punishment” stimulus appears as a ratio of —1.00, the essentially unchanged 
output appears as a ratio of about 0.00, and a 100 per cent increase in output 
appears as a ratio of +1.00. 

FIGURE 5 shows the changes in strength of the conditioned “anxiety” re- 
sponse (expressed in terms of the “inflection ratio’’) throughout the course of 
the experiment for 3 rats treated according to the procedure outlined above. 
During the 6-day control period prior to the first reserpine series, the mean 
“inflection ratios”’ for all animals remained fairly stable at values around —.75, 
indicating a marked but not complete suppression of lever-responding during 
the clicker presentations, as illustrated by FIGURE 3. Even when daily ad- 
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Ficure 5. Changes in the strength of the conditioned “anxiety” response for 3 rats.as a function of repeated 


reserpine administration. 
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ministration of 0.2 mg./kg. reserpine had been begun after the experimental ses- 
sion on the sixth day, little change in the strength of the conditioned “anxiety” 
response could be discerned for several days. After 3 or 4 days on the drug, 
however, some animals (for example, rat AA-26, FIGURE 5) began to show an 
increased rate of response during the clicker periods, even though the rate of 
response in the absence of the stimulus was actually somewhat depressed in all 
animals as a result of the reserpine administration. Indeed, within a week to 
10 days on this repeated daily drug regime, all but 1 of the 6 rats in this group 
had begun to respond to the reserpine treatments in this fashion. The change 
in “inflection ratio” values toward 0.00 during the first reserpine series in- 
dicated on FIGURE 5 shows this drug effect on the conditioned “‘anxiety”’ re- 
sponse in 3 typical animals. The obvious variability in drug-action time 
course is interesting and worth noting, however, even though no ready ex- 
planation is available. A few animals (for example, rat AA-26, FIGURE 5) 
showed a relatively rapid, abrupt response to this drug dose; some (for exam- 
ple, rat AA-32, FIGURE 5) showed a relatively slow and gradual response; others 
(for example, rat AA-33, FIGURE 5), showed a slow but abrupt response; and 
still others (as shown here in 1 rat, as indicated above), no response at all 
within a 14-day treatment period. 

Withdrawal of the drug during the control period of 7 days or more between 
treatment series resulted in a rapid reversion to the stable pretreatment “‘in- 
flection ratio” values for all animals as illustrated in FIGURE 5. When the 
second drug series was administered with a high initial reserpine dose (1 
mg./kg.), however, the effect reappeared somewhat more rapidly and abruptly, 
as indicated by the “‘inflection ratio’ changes toward 0.00 for the 3 rats shown 
on FIGURE 5 between experimental ‘‘anxiety”’ trials 29 and 32. As the reserpine 
dose was progressively reduced to 0.5 mg./kg., however, and then continued 
at 0.1 mg./kg., only half the chronic 0.2 mg./kg. dose administered during the 
first reserpine series, a corresponding increase in the strength of the conditioned 
“anxiety” response was observed. For the 3 animals represented in FIGURE 5, 
the “inflection ratio” values can be seen to revert rather abruptly to the pre- 
treatment values several sessions before the daily 0.1 mg./kg. reserpine treat- 
ments were discontinued. Either the chronic low dose of the drug was insuffi- 
cient to prevent reappearance of the conditioned ‘anxiety’? response, which 
was maintained throughout the experiment with the 30 to 50 per cent shock- 
pairing procedure, or else some adaptation to the drug had resulted from the 
administration procedures utilized in this study. Of course, it is also possible 
that some interaction or combination of these 2 effects could account for the 
observed changes. 

In the monkey, too, a similar treatment course was followed, as indicated 
above, with essentially the same results. Withdrawal of reserpine after the 
initial response was followed by the rapid and abrupt reappearance of the con- 
ditioned “anxiety” behavior, while readministration of the drug quickly 
brought back the lever-pressing rate during presentation of the “anxiety” 
stimulus. Again, however, some reduction in the magnitude of this effect was 
observed with repeated administration of the 9.5 mg./kg. chronic dose used 
during the second drug series, although a change in some of the pain-shock 


Brady: Drug Effects on Affective Behavior 639 


RAT AA-35 


0.00 RESERPINE RESERPINE 


Coceennnnd 
won ----ed 


1 
1 
1 
1 
' 
i 
' 
' 
1 
Vv 


O -1.00 
e — 
< RAT AA-36 
a 
a 
0.00 PAS coeeee oe gee 
2 1 CONTROL} RESERPINE 
° ‘ 
= ' 
+ 750) y { 
=) 
a 
-1.00 
= 
a6 
WwW 
= 9.007 “CONTROL Be RESERPINE + "Control + £ RESERPINE | 
1 ! ' 1 
at: tt ee 
- 1 1 ! ! 1 1 
Bee 5 Sid 
50 Vv oV NY Yoev Vv 
-1.00 ——_ —_—_———_., 
: ae le T T ae T T T T T T 


12 15 18 2i 


3 6 2 
EXPERIMENTAL "PUNISHMENT" TRIALS 

FicurRE 6. Three rats showing no change in the strength of the conditioned ‘‘punishment”’ response after re- 
peated reserpine treatments. 
contingencies makes this latter finding in the monkey somewhat difficult to 
interpret. Only 1 of the rats among this group of conditioned “‘anxiety”’ ani- 
mals failed to show any significant change in the strength of the emotional 
response as a function of the 2 series of repeated reserpine doses. 

In contrast, FIGURE 6 shows the complete lack of any reserpine effect upon 
the conditioned “‘punishment”’ response established as indicated above. Al- 
though all 6 of these animals were treated with reserpine according to exactly 
the same procedure followed for the six conditioned “anxiety” rats, no in- 
crease in the rate of lever response during presentation of the “punishment” 
stimulus could be observed as a result of the drug. During both the “control” 
and the “reserpine” periods indicated on FIGURE 6, the “inflection ratios” for 
these 3 typical ‘‘punishment” animals can be seen to have remained remarkably 
stable at values between —.75 and —1.00. Despite the apparent similarity 
between these 2 emotional-response patterns, the effect of reserpine appears to 
have been highly specific for the conditioned ‘‘anxiety”’ procedure. 


Discussion and Conclusions 


The results of this experiment indicate quite clearly that the strength of a 
conditioned emotional response of the “fear” or “anxiety” type can be affected 
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FicurE 7. Comparison of lever-pressing rates during and before presentation of the ‘‘anxiety’’ (Rat AA-26) 
and “‘punishment’’ (Rat AA-36) stimuli as a function of repeated reserpine treatments. 


markedly by the repeated administration of reserpine. Daily administration 
of this drug to both the rat and the monkey produced significant changes in 
the quantitative relationship between lever response for a liquid reward in the 
presence of a previously conditioned aversive stimulus and lever response in the 
absence of a stimulus of this sort. The “inflection ratio” expression of this 
reserpine effect, however, does not provide a complete picture of the specific 
behavioral changes that follow such drug administration. 


For example, a 
change in the “‘i 


nflection ratio” could reflect changes in either the stimulus or 
the nonstimulus lever-pressing rates alone, or it could reflect some combination 
of changes in both these rates. A more detailed analysis of the data in this 
respect indicates that reserpine does, in fact, produce changes in both the stimu- 
lus and nonstimulus lever-pressing rates, and that these changes appear to be 
in opposite directions. 

Ficure 7 compares the number of lever responses performed during the 
3-minute stimulus periods with the number performed during the 3-minute 
periods immediately before presentation of the stimulus for a typical “anxiety” 
animal (Rat AA-26) and a typical “punishment” animal (Rat AA-36) through- 
out the course of the experiment. With the “anxiety” procedure during the 
6-day control period prior to the first reserpine series, the marked difference 
between the rates during and before the stimulus presentation can be seen to 
have remained quite stable. The immediate response to the daily drug doses 
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initiated after the sixth experimental session, however, was a sharp decrease in 
the prestimulus lever-pressing rate, followed by a more or less gradual increase 
in the rate during the “anxiety” stimulus, resulting in an actual overlap of 
the 2 rates after 6 days of reserpine treatments for this animal. Following 
withdrawal of the drug, of course, the pretreatment difference between the 
prestimulus and stimulus rates can be seen to have reappeared, although read- 
ministration of reserpine, using the initially high 1 mg./kg. dose after trial 29, 
rapidly produced an even sharper rise in the lever-pressing rate during the 
“anxiety” stimulus, while the prestimulus rate drop appeared more gradually. 
In contrast, the lower portion of FIGURE 7 shows the same drop in lever-pressing 
rate in the period before presentation of the tonal stimulus for a typical “‘punish- 
ment” animal (Rat AA-36) following reserpine treatments, but no change in the 
rate during the “punishment” stimulus is discernible. It would appear from 
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analysis of these data that the relatively specific effect of reserpine in producing 
increased lever response in the presence of the conditioned “anxiety” stimulus 
accounts for the differential “inflection ratio” changes. 

Another important question raised by these results concerns the problem of 
drug specificity for the observed behavioral changes. If, indeed, such condi- 
tioning techniques are to find any utility in a pharmacologic screening program, 
the behavioral consequences of drug administrations such as these should make 
it possible to differentiate one pharmacologic agent from another, or at least 
one group of agents from another group, specifying the distinguishing and de- 
fining behavioral properties of each. Unfortunately, presently available data 
do not permit an extensive comparison of different drugs, since emphasis has 
focused upon developing sensitive and reliable behavioral techniques for such 
psychopharmacologic assessment. At least some results obtained with am- 
phetamine, however, using an “anxiety” conditioning procedure identical to 
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that described above, indicated that relatively specific drug-behavior profiles 
can be expected. Ficures 8 and 9 show the behavioral effects of amphetamine 
(2 mg./kg.) and reserpine (0.2 mg./kg.) upon the conditioned “anxiety’’ re- 
sponse pattern for Rat AA-26, whose normal saline baseline is illustrated in 
FIGURE 3. Comparison of these curves reveals the critical rate changes that 
differentially characterize the response to each drug. Although reserpine, as 
we have seen, markedly depresses the lever-pressing rate in the absence of the 
“anxiety” stimulus, this rate is actually seen to increase during the 3-minute 
stimulus periods. In contrast, amphetamine produces an increase in the num- 
ber of lever responses in the absence of the “anxiety” stimulus, although the 
response rate in the presence of the stimulus shows a significant decrease. 
Indeed, the possibility of expanding the horizons of such drug-behavior rela- 
tionships to include a broad spectrum of response repertoires for a wide variety 
of pharmacologic agents would appear to be not unduly remote as the sensi- 
tivity and reliability of animal-conditioning techniques show appropriate de- 
velopment. 
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USE OF INTRACEREBRAL ELECTRODES TO EVALUATE DRUGS 
THAT ACT ON THE CENTRAL NERVOUS SYSTEM* 


By José M. R. Delgado and Ljubodrag Mihailovict 


Departments of Physiology and Psychiatry, Yale University 
School of Medicine, New Haven, Conn. 


Direct exploration of the brain before and after the administration of sub- 
stances that act on the central nervous system may help in the understanding 
and evaluation of their pharmacological effects. Indirect methods, however, 
have generally been used by previous investigators. For example, in the 
study of antiepileptics, most of the described techniques are based upon the 
observation of seizures induced by injected drugs, by electricity applied to the 
scalp, or by a combination of both. These evoked seizures might then be 
modified or prevented by the administration of antiepileptic substances 
(Barany and Stein-Jensen, 1946; Bertrand, Gayet-Hallion, and Quivy, 1949; 
Chen and Ensor, 1950; Cheymol, 1950; Everett and Richards, 1944; Goodman, 
Toman and Swinyard, 1949; Merritt and Putnam, 1945; Putnam and Merritt, 
1937; Richards and Everett, 1946; Tainter et a/., 1943; Toman, 1949; Toman, 
Everett, and Richards, 1952; Toman and Goodman, 1948; Toman, Swinyard, 
and Goodman, 1946; Spiegel, 1937; Swinyard, 1949; Woodbury, 1951). These 
methods were useful in the study and screening of antiepileptic drugs, but 
they supplied no direct data about the site and mechanism of action of such 
drugs. In the brain there are many anatomical structures, with varying 
excitability and differing pharmacological sensitivity, that may be tested in- 
dependently in studies of drug action. 

The technique of permanent implantation of electrodes into the brain, de- 
scribed a few years ago (Delgado, 1949, 1952, 1955) and applied to several 
physiological problems (Delgado 1952b, 1955b) and psychological studies 
(Delgado and Rosvold, 1953; Delgado, Roberts, and Miller, 1954) has been 
used by us in the past 4 years to study some agents that act upon the central 
nervous system. The technique was useful because it allowed us to make simul- 
taneous exploration of many different points (as many as 40) of the surface 
and depth of the brain of the same animal, without anesthesia, for periods of 
several months. In this way, cerebral functions could be explored before and 
after the administration of a drug, and different drugs could be tested in the 
same preparation, 

In_ this paper, criteria for cerebral exploration of neuropharmacological 
problems are discussed, and examples of drug action are presented. 


Materials and Methods 


A first group of 15 monkeys and 12 cats was studied by one of us (J. Del- 
gado). Later, another group of 25 monkeys was studied. The monkeys 
(Macaca mulatta) weighed from 2.5 to 4 kg.; the cats, from 2 to 3.5 kg. Under 
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nembutal anesthesia, each animal was placed in a Horsley-Clarke instrument. 
Plate electrodes with 6 or 7 silver contacts spaced 5 mm. apart were placed 
over the cortex below the dura, through a small burr hole. Needle electrodes 
with 6 stainless-steel contacts, 3 mm. apart, were introduced stereotaxically 
into the brain. Both needle and plate electrodes were solidly fixed to the 
skull with metallic sutures and ended in a subminiature 7-pin socket that pro- 
truded from the head. Details of the method have been published elsewhere 
(Delgado, 1955). 

One week was allowed for recovery from the operation, and then the animals 
were studied for 2 to 7 months. At the end of this period they were sacrificed 
and their brains sectioned, to determine the location of the contacts, in his- 
tological preparations stained by the method of Nissl, of Spielmeyer, or of 
Kliiver and Barrera (1953). The multiplicity of leads allowed us simultaneous 
or successive study of many different points of the brain of each animal. A 
diagram of monkey 969, which was a typical example, is shown in FIGURE 1. 
One plate was placed on each side of area 4, a needle was implanted in the left 


d leads (dots in the figure) in a typical oper 12 
leads (2 plants) were in both sides of motor cortex; 6 leads (1 needle) in the left septal area; and 12 leads (2 nee~ 
dles) in temporal lobe, amygdala and putamen of both sides. 


Frcure 1. Diagram showing the position of implante 
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septal area, and another needle was implanted in each side of the temporal 
lobe. Thirty different points were explored in this animal. Up to 40 different 
leads were used in some other animals. wg 

The physical characteristics of the electrical stimulation were: unidirectional 
square pulses, 0.2 msec. of pulse duration, 100 cycles-per-second frequency, 
monopolar, delivered by means of a Grass stimulator, model 3° Ge with isola- 
tion unit. Shapes of the waves, the voltage, and the milliamperage were moni- 
tored during the stimulations with a 2-channel oscilloscope. Choice of parame- 
ters was based on a study of the physical characteristics of stimulation and 
evoked effects. Details of the rationale for this choice have been published 
elsewhere (Mihailovié and Delgado, 1956). 

No pain was induced in the experiments, and all stimulations and recordings 
were made in unanesthetized animals. Still and motion pictures of characteris- 
tic responses were made. Bipolar recordings of electrical activity were made 
in two 8-channel Grass electroencephalographs, model 3 D. 


Results 


A battery of different tests has provided information on the actions of some 
drugs upon determined cerebral structures. The use of only a single test could 
have been misleading in some cases. For example, in some monkeys, the 
threshold for minimal motor activity was not modified while, in the same point, 
threshold for motor-convulsive activity was increased by the administration of 
diphenylhydantoin. Also, chlorpromazine did not change the convulsive 
threshold of the motor cortex, but did decrease the convulsive threshold of some 
rhinencephalic structures. One of the reasons for using intracerebral electrodes 
was to study the local actions of drugs. 

Tests to be used for drug evaluation should be significant, reliable, and prac- 
tical. A discussion of the different tests we have used follows. 

Threshold for minimal motor response. This motor threshold (MT) is ex- 
pressed by the value of current, in milliamperes, at which the first motor re- 
sponse is observed in the unanesthetized animal. Electrical. stimulations, 
using the parameters described above, were applied for 2 seconds, with a 
minimum interval between stimulations of 1 minute. In some cases, stimula- 
tions were applied for only 1 or 1.5 seconds. Thresholds were determined in 
2 ways: infrathreshold currents were used first and raised in small increments, 
or suprathreshold currents were used first and reduced in small decrements. 
In both cases, similar values were obtained. As standard practice, explora- 
tions began with infrathreshold currents. 

As shown previously (Delgado 1952b), MT proved to be constant during 
each day in all animals. Variations could occur if the monkey or cat moved 
spontaneously, but the same value was obtained if the experimental conditions 
were similar. MT values remained relatively constant. In TABLE 1 we see 
thresholds, expressed in milliamperes (mAmp.) for minimal motor responses 
of several points of surface and depth of the brain, obtained in monkey 961 
during 5 months of experimentation. Cortical points of areas 4, 6, and 9 had 
small variations in MT values. Depth points of red nucleus, substantia 
migra, and pons had a moderate increase of MT with time. In monkeys, 
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TABLE 1 
Mrntmat Moror Responsp 


(Threshold in mAmp.) 
Monkey 961 


Weeks Months 
Point Location = 
| 1 | 2 3 1 2 3. 4 5 

RP; Cortex—area 4 Psteemah Seg heh des! ees 8 Was lot es 
EP; Cortex—area 6 ZF 2.0 wo era) XAG P20) | B20) |) PSs 
RP; Cortex—area 9 CHEAT | | EASY [AY 3.0 ERM || PRPS Deval) si) 
LN2 Substantia nigra OL SROZONNO 20M Ona OMtSiOnSiOnus| Oers 
RN2 Red nucleus 0.15 OSLO O20 OL20  Os2 510 ZOO nes 025 
LN, Pons 0.12 O15 OSS OMS | OF18!0.20)02 2010220 


most of area 4 had MT values below 1.5 mAmp. Areas 6, 3-1, 5, and 7 had 
points with MT below 1.5 mAmp., and other points with MT between 1.5 
and 3 mAmp. Frontal and occipital poles had thresholds above 3 mAmp., 
and often no motor response could be evoked with intensities up to 10 mAmp. 
Similar values have been found in cats. The lack of motor effect does not 
mean that these areas were unresponsive. Seizurelike electrical activity with- 
out clinical manifestations could be produced by electrical stimulation of some 
areas, as will be explained later. 

Small variations in MT values after administration of drugs were considered 
significant. Some substances may have a specific effect upon the excitability 
of some areas, leaving other cerebral structures unaffected. MT values before 
and after administration of several drugs are shown in TABLE 2. The figures 
are mean values of different cerebral areas in a group of 5 monkeys. The num- 
ber of points studied, given in the first row, was small and, in the case of the 
thalamus, insufficient for analysis. Figures may be useful to orientate future 
work. The table shows that phenobarbital (15 mg./kg. administered intra- 
peritoneally) increased MT mainly in cortical areas 4 and 6, but also to some 
extent in the depth structures. Diphenylhydantoin (50 mg./kg., intraperi- 
toneally) hada similar action. Trimethadione (100 mg./kg., intraperitoneally) 


TABLE 2 
Mrinmat Motor Response (MT) 
(Threshold in mAmp.) 


Thalamus 
Area 4 Area 6 ant. | Hippocampus 
nuclei 
Con | Drug | $28; | Drug | $24 | Drux | G24 | Drug 
i ; ¥ 7 il 
NITE OL POMtS .«. a.0 >see aese ore 6 6 4 4 1 1 
Phenobarbital, 15 mg./kg. I. P.......... TOM lens) |e eden WO: a ae ae 
Trimethadione, 100 mg./kg. I. P........| 1.1 | 1.3 1.4 | 1.6 ae P gralinesn ew 
Diphenylhydantoin, 50 mg./kg. I.P......| 1.1 Alaa ahh a ake (oy MO). y: : id 
Chlorpromazine, 1 mg./kg. I.M.........) 1.1 | 1.1 0.9 | 0.9 i ae aie Bes 
Lysergic acid diethylamide, 20 ug./kg.I.M.) 1.3 i838 || OL rh || We Gal (WE Ht : ; 
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was less effective on the cortex, and did not change MT in the deep eae ee 
Chlorpromazine (1 mg./kg., intramuscularly) and lysergic acid diethylamide 
(20 ug./kg., intravenously) did not affect MT in any superficial or deep struc- 
tures. ; . me 

Threshold for local motor-convulsive effect. ‘This convulsive threshold (CT) is 
expressed by the minimum value of current, in milliamperes, that evoked motor 
afterdischarges in the unanesthetized animal. W ith parameters, as previously 
described, we used a total stimulation time of 5 seconds, and a minimum in- 
terval between stimulations of 5 minutes. 

At the threshold values, the convulsive motor effects usually remained lo- 
calized to a part of the body, and the animals did not lose consciousness. 
Clonic movements of 1 arm were most often studied in our experiments. Total 
duration of stimulation had previously proved to be critical, and it was found 
that prolongation of the total time of application of a given stimulus resulted 
in a linear prolongation of the convulsive aftereffect. An optimum was en- 
countered with a mean value of 4 seconds. For this reason, a duration of 5 
seconds was selected as appropriate for the test. 

The period of time necessary to recover full convulsive capacity was also 
determined experimentally in previous studies. Increasing the interval be- 
tween the end of an evoked local convulsion and the subsequent stimulation 
from 0.5 seconds to 5 minutes resulted in a directly proportionate increase of 
duration of the evoked convulsion. Nearly complete recovery of convulsive 
capacity for a given stimulus was generally reached after 3 minutes. Prolonga- 
tion of the interval beyond 4 minutes did not, in general, increase the duration 
of local afterdischarges. For this reason the interval of 5 minutes was selected 
for the test, which agrees with data of Rosenblueth and Cannon (1942) con- 
cerning recovery of convulsive capacity in the motor cortex of the anesthetized 
monkey. 

In cats and monkeys, some oscillations of CT values were observed on dif- 
ferent days, but CT proved to be constant on each experimental day, and 
determinations made with 2 hours of interval gave the same values. For this 
reason small variations in CT values after administration of a drug could be 
considered significant. 

The total duration of evoked motor seizures was timed with a stop watch. 
Values varied in different animals, but in each case these values were repeatable 
on the same experimental day, and their determination was useful in the study 
of drug action, since the total duration of evoked seizures could be affected in 
a specific way by some substances. 

Thresholds for local motor-convulsive effects and duration of evoked con- 
vulsions were determined on areas 4 and 6 ina group of 5 monkeys. Different 
drugs were then tested, and the mean values of the experiments are shown in 
TABLE 3. We see that chlorpromazine and lysergic acid diethylamide did not 
change CT or the duration of evoked seizures. 

Diphenylhydantoin produced the greatest increase in CT, from 1.4 before 
the drug to 6.4 mAmp. 2 hours after intraperitoneal administration of the 
substance. Area 6 was more depressed by diphenylhydantoin than was area 
4. In spite of the higher intensities used after the drug, duration of evoked 
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TABLE 3 
Locat Moror-Convutsive Errecr (CT) 
(5 monkeys) 


| Areas 4 and 6 


Control Drugs 
| mAmp. Seconds mAmp. Seconds 
Phenobarbitals.c< i. oo... oss ae 1.4 11 Deli 4 
rimethadione. 6. ce... a v8 11 1.8 4 
Diphenylhydantoin........... as 1.4 11 6.4 4 
Whiorpromaaine: 22. <<... ...... Tet 6 il 7 
Lysergic acid diethylamide. ...... 15 12 NS 10 


convulsions was reduced from 11 to 4 seconds. Phenobarbital raised convul- 
sive thresholds from 1.4 to 2.7 mAmp., and trimethadione from 1.3 to 1.8 
mAmp. These drugs also reduced the total duration of convulsions. If 
we consider duration of convulsion at threshold, therefore, the 3 drugs pro- 
duced comparable effects. If we consider the effect upon excitability for 
motor convulsion, the order was: (1) diphenylhydantoin, (2) phenobarbital, 
and (3) trimethadione. 

Recovery time of convulsive capacity (RT). This test was done as follows: a 
local motor convulsion was evoked, using slightly suprathreshold stimulation. 
Then the same intensity of stimulation was applied at intervals of 5, 15, and 
30 seconds, and 1, 2, 3, 4, and 5 minutes after the end of each evoked after- 
discharge. The duration of each evoked convulsive activity was measured, and 
these values plotted against the different intervals. One example of the results 
obtained is shown in the heavy-line graph of FIGURE 2, which is the summary 
of experiments performed on areas 4 and 6 in 5 monkeys. With a mean value 
of 2 mAmp., the initially evoked seizure lasted 22 seconds, as expressed by 
the heavy arrow. Local excitability was quickly recovered without changes 
of threshold, and a new stimulation applied 15 seconds after the end of the 
initial seizure was able to produce a new seizure. The main change was in the 
duration of the repeated convulsive movements, which was proportionate to 
the intervals: the longer the interval, the longer the duration of the seizure, as 
shown in the heavy-line graph. The duration of the first-evoked convulsion 
was different in different animals. In some cases the duration was 6 seconds, 
in some others 25 seconds or longer, but in each animal the relation between 
duration of convulsions and intervals was proportionate, as described. The 
differences in duration of initial convulsions could not be taken into considera- 
tion, since the convulsions were produced with a different intensity of supra- 
threshold stimulation. 

Experiments performed 2 hours apart gave similar values. This control was 
important because, for drug evaluation, it is necessary to compare results ob- 
tained before and after the administration of the substances. 

The action of phenobarbital (15 mg./kg., intraperitoneally) on the recovery 
time of convulsive capacity of areas 4 and 6 of 5 monkeys is illustrated in the 
dotted line of FIGURE 2. Two hours after the administration of the drug, the 
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Ficure 2. Heavy line: exploration of recovery time of convulsive capacity. Duration of repeated seizure 
was proportionate to the intervals. 

Dotted line: effect of phenobarbital on recovery time: (1) threshold to evoke convulsive motor activity ros 
100 per cent; (2) total duration of initial seizure was shortened; (3) recovery time for onset of seizures was de- 
layed; and (4) recovery for duration of seizures was incomplete after an interval of 5 minutes. 


following phenomena occurred: (1) threshold to evoke convulsive motor ac- 
tivity rose 100 per cent—from 2 mAmp. in the control period to 4 mAmp.—2 
hours after phenobarbital; (2) in spite of the higher intensity used, the total 
duration of initially evoked seizures, which was 22 seconds before the drug 
(heavy arrow), was shortened to only 6 seconds after administration of the 
drug (dotted arrow); (3) recovery time for onset of seizures was 1 minute, in- 
stead of 15 seconds as in the predrug determination; and (4) after 5 minutes 
the seizures lasted less time (4 seconds) than the first-evoked seizure (6 sec- 
onds) of the postdrug period. This finding indicated that excitability was 
depressed, and that the mechanisms responsible for onset and prolongation 
of seizures were also depressed by phenobarbital. 

The action of trimethadione and diphenylhydantoin on RT was less clear. 
Lysergic acid diethylamide had no effect, and chlorpromazine seemed to produce 
some increase in the duration of evoked local seizures and to speed up the 
recovery time. 

Characteristics of motor-convulsive effects. Local afterdischarges evoked by 
slightly suprathreshold stimulation could be characterized by (1) the total 
duration of the seizure; (2) the extent of the participating musculature that 
gave indication of the spread; (3) the pattern of the motor effects, with its 
tonic and clonic components, including their temporal relations and rate of 
clonic discharges. A careful analysis of these characteristics would require 


cinematographic recording, which seemed impracticable for drug evaluation. 


For this reason, only gross visual observation was made. The total duration 
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of the seizures, however, proved to be a significant datum, easy to obtain and 
sensitive to drug action, as explained above. 

Spontaneous electrical activity. The electrical activity of the brain and the 
modifications induced by administration of drugs have been studied by many 
authors (Bremer, 1935; Das, Dasgupta, and Werner, 1954; Fischer and Léwen- 
bach, 1934; Goodman, Toman, and Swinyard, 1946; Goodwin, Kerr, and Law- 
son, 1940; Gozzano, 1936; Grinker and Serota, 1938; Jasper and Erickson, 
1941). Our method, utilizing implanted electrodes, permits intracerebral 
recordings in the fully conscious animal. Experiments may be repeated, and 
different substances may be tested in the same animal. As indicated in a 
previous paper (Delgado, 1955) electrical activity of the brain, recorded 
through implanted electrodes, proved to be constant through periods of months, 
except in cases where rather extensive destruction or reaction around the elec- 
trode existed, when some changes in the amplitude and frequency were re- 
corded. Some regions showed patterns of electrical activity that seemed to 
be typical. For example, in coronal plane A-22 in the monkey, irregular slow 
swings between 0.5 and 3 per second, about 50 to 100 wv. with a flat background 
activity, have been repeatedly observed in the inferior part of the corpus 
striatum close to the orbital cortex. The middle and superior part of the 
corpus striatum usually had a regular flat activity. The white matter of the 
superior frontal gyrus had a paroxysmic activity with bursts of 3 to 6 cycles 
per second of about 100 ywy., mixed with bursts of faster frequency. A similar 
spatial distribution of patterns has also been observed in human patients 
(Delgado, Hamlin, and Koskoff, 1955-56). These patterns of electrical ac- 
tivity may be locally affected by different drugs. For example, we have seen 
that pentylenetetrazol in nonconvulsive doses in the cat and monkey (10 
mg./kg., intraperitoneally) increased the voltage and induced spikes and waves 
in the motor cortex and in the basal ganglia. In the monkey, chlorpromazine 
(0.5 to 1 mg./kg., intramuscularly) increased the slow frequencies of the motor 
cortex and only slightly modified the electrical activity of the posterior part 
of the hippocampus and thalamus as shown in FicuRES 3 and 4. In the cat 
and monkey, tridione (100 mg./kg., intraperitoneally) and phenobarbital (10 
mg./kg., intraperitoneally) increased the fast frequency of the motor cortex 
and did not modify the activity of the basal ganglia. 

Caution is necessary to interpret the electrical variations induced by drugs, 
because it is still difficult to correlate functional and electrical modifications. 
In some cases, changes in electrical pattern may be secondary to some pharma- 
cological effects. For example, closing the eyes may increase the voltage and 
the percentage of slow waves in the motor cortex, and drugs that induce 
drowsiness may also produce this effect. 

Threshold for electrical afterdischarge. Electrical afterdischarge threshold 
(EAD) is expressed by the minimum value of current, in milliamperes, able to 
evoke an electrical afterdischarge in the unanesthetized animal. Characteris- 
tics of stimulation were similar to those described for minimal motor convulsive 
effect. In general, electrical afterdischarges were localized to a reduced num- 
ber of cerebral structures. If at threshold stimulation they spread through 
the whole brain, they were not used for the test, but this rarely happened. 
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FicureE 5. Distribution of threshold values of electrical afterdischarges on the surface of the brain of the 
monkey. 


In the cat and monkey lowest EAD values, below 1.5 mAmp., were found for 
the motor cortex, hippocampus, uncus, and amygdala. Highest EAD values 
were found in frontal pole, occipital pole, caudate nucleus, pallidum, hypo- 
thalamus, and red nucleus. In some of these points it was not possible to evoke 
electrical afterdischarges with intensities up to 10 mAmp. In FIGURE 5 there 
is a diagrammatic representation of the distribution of EAD values on the 
surface of the brain of the monkey, showing the concentration of points with 
lowest threshold around area 4 and the highest thresholds located in frontal, 
temporal, and occipital poles. 

EAD values were very reliable on each experimental day and, in spite of 
repeated electrical stimulations of surface and depth of the brain, remained 
rather stable during a long experimentation time, as shown in TABLE 4. EAD 
values of precentral cortex and thalamus were similar in the initial determina- 
tion and several months later. There was one important exception; namely, 
some points of amygdala and hippocampus had lower thresholds after a period 
of experimentation. Point 3, for example, of monkey 937, with initial EAD 
value of 4.5 mAmp., went down to 1.1 mAmp. after 2 months’ study. 

These exceptions to the apparent stability of the rest of the brain reveal the 
greater sensitivity of amygdala and hippocampus and, perhaps, also the sep- 
tum, to irritating agents and may be of significance in epileptic problems. 
Further experimentation is needed to determine whether the increased excita- 
bility depends upon the presence of the leads, or on the repeated electrical 
stimulations 

Electrical afterdischarges could be evoked with or without motor manifesta- 
tions, depending upon the areas and parameters of stimulation. Motor after- 
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FicureE 6. Thresholds for minimal motor convulsive effect (CT) and for electrical afterdischarges (EAD) 
were very close in cortex of area 4. EAD was lower than CT in cortex area 1, anterior thalamic nuclei, and es- 
pecially in hippocampus. This phenomenon shows the relative independence of EAD and CT in different cerebral 
structures, 


discharges, however, were always accompanied by electrical manifestations in 
the brain. In the motor cortex, using given parameters (100 cycles per second, 
0.2 msec.) thresholds for minimal motor convulsive effect (CT) and for electrical 
afterdischarges (EAD) were often very close, while in other regions CT was 
higher than EAD. One example is shown in FIGURE 6. In monkey 26, CT 
and EAD of cortex area 4 had the same value of 2.5 mAmp. In cortex area 1, 
EAD value was also 2.5 mAmp., but CT value was 3.2 mAmp. <A more strik- 
ing difference appeared for the anterior nuclei of the thalamus, where EAD was 
1.5 mAmp and CT was 4.5 mAmp. The difference was even more spectacular 
in the hippocampus, where electrical afterdischarges were produced with 1 
mAmp. and it was not possible to produce motor convulsion with intensities 
up to 10 mAmp. 


This demonstrates the relative independence of CT and EAD in different 
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cerebral structures. In drug evaluation this is important, because each drug 
may be affected in a different way by its administration, Examples of drug 
action on EAD will be given below. 

Pattern, duration, and spread of electrical aflerdischarges. In both cats and 
monkeys, electrical afterdischarges evoked by stimulation of the same cerebral 
point with the same parameters on different days exhibited very similar charac- 
teristics. Drugs could modify thresholds and duration of afterdischarges but, 
in general, did not affect their spatial and temporal characteristics. Atropine, 
sodium 5-phenyl-5-thienyl hydantoinate, trimethadione, and diphenylhy- 
dantoin, as well as some other drugs, were tested for pattern, duration, and 
spread in the cat and monkey. 

An example of the action of atropine on the evoked afterdischarge of the 
cat is shown in FIGURE 7. Electrical stimulation of the nucleus lateralis pos- 
terior of the thalamus of the right side with 0.6 mAmp. evoked a seizurelike 
pattern propagated to several thalamic structures, with amplitudes that blocked 
the recording amplifiers (5-15, 4-14, 3-13). With less voltage, the afterdis- 
charges also propagated to substantia nigra (2-12) and peduncle (1-11). The 
corpus callosum was less affected (6-16). Duration of the afterdischarges 
was about 20 seconds. 

One hour after 1 mg./kg. of atropine was given intraperitoneally, the same 
stimulation evoked an afterdischarge with pattern and spread similar to the 
control period, but of shorter duration (FIGURE 8). The same stimulation was 
repeated several times with similar results, as shown in FIGURE 9, where stimu- 
lation was applied 15 minutes after that described in FiGURE 8. This inhibi- 
tory action of atropine upon the duration of evoked seizures may be related to 
experiments described by Chatfield and Dempsey (1942), in which spikes 
evoked by neostigmine-acetylcholine in the cat could be abolished by atropine. 

In our experience, the study of pattern and spread of seizures is of great 
interest for the understanding of epileptic mechanisms, but seems to be of less 
practical value for the screening and evaluation of drugs than the study of 
thresholds and total duration of afterdischarges. 

Modification of EAD by drugs. In a group of 8 monkeys, electrical after- 
discharge was determined before and after administration of several agents. 
A representative example is shown in FIGURE 10, in which 3 anatomical 
structures were selected for the test: cortex of precentral gyrus, nucleus anterior 
dorsalis of the thalamus, and amygdaloid nucleus. EAD control values of 10 
experiments were 2.6, 1.4, and 1.1 mAmp. respectively. The action of different 
agents upon each of the 3 cerebral structures is shown in the respective columns. 
Values are expressed in percentage of the control EAD figure. 

CO», 14 per cent, produced a small increase in EAD value in the motor cortex, 
followed by a small decrease after discontinuation of the gas. Spectacular in- 
crease of EAD was evoked in the amygdaloid nucleus, reaching 640 per cent 
above the control figure. About 1 hour after discontinuation of CO, EAD 
had returned to its control level but, approximately an hour later, it went down 
to 65 per cent. CQ» also hada powerful action upon the thalamus, with increase 
of EAD above 400 per cent. About 1!% hours later, the EAD value was at 


control level. 
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Oz, 10 per cent, produced a slight increase of EAD in the motor cortex, a greater 
increase in the thalamus, and an even greater increase (177 per cent) in the 
amygdaloid nucleus. Upon discontinuation of the gas, EAD went below con- 
trol level for the amygdala and especially for the thalamus. 

Diphenylhydantoin. Powerful and prolonged action was patent in the motor 
cortex with EAD steadily maintained at 260 per cent above control at least up 
to 5 hours after administration of the drug. For the amygdala the effect was 
clear but moderate, with EAD rising to 136 per cent 14 hours after the injec- 
tion of the substance. The effect upon the thalamus was spectacular, with a 
peak of 550 per cent increase of EAD 41% hours after the injection. ~ 

Phenobarbital had an action similar to that of diphenylhydantoin upon the 
motor cortex, with a marked and steady increase of EAD to 260 per cent. 
The action upon the amygdala (160 per cent) was more marked than that of 
any other of the tested substances with the exception of the gases. The effect 
upon the thalamus was very powerful, 351 per cent, and it was surpassed only 
by diphenylhydantoin and CO, . 

Trimethadione showed no effect upon EAD of the amygdaloid nucleus. The 
action upon motor cortex (180 per cent) and thalamus (215 per cent) was, 
however, marked and long-lasting, as shown in FIGURE 10. 

Chlorpromazine left unchanged the EAD of the motor cortex and reduced 
EAD values of the amygdala (77 per cent) and of the thalamus, which went 
down to nearly one half of the original value (57 per cent). This decrease of 
thalamic EAD was more noticeable than for any other tested substance. 

Reserpine was not able to modify the EAD value of precentral cortex or 
amygdaloid nucleus. A moderate decrease of EAD (77 per cent) was observed 
in the thalamus 4 hours after administration of reserpine. 

Lysergic acid diethylamide produced a small increase of EAD in the motor 
cortex (120 per cent) and a small decrease in amygdala (80 per cent) and thala- 
mus (71 per cent). 

Tubocurarine produced a decrease of EAD in the 3 explored structures: 68 


per cent in the motor cortex, 61 per cent in the amygdala, and 76 per cent in 
the thalamus. 


Discussion 


In methods to evaluate anticonvulsants previously described in the litera- 
ture, the whole brain was considered as a single unit. The action of drugs 
was also considered to be rather general. Within the limits of the cerebral 
structures explored in the present study, however, we have seen that a rather 
selective pharmacological action of some substances may exist. Outstanding 
examples were the powerful depressive action of 14 per cent CO, upon thalamus 
and amygdala, while the motor cortex was very little affected, and the strong 
depressive action of diphenylhydantoin on the thalamus, while the amygdala 
was far less influenced. A possible anatomical specificity of drugs could be 
included among several mechanisms described by other authors to explain the 
action of antiepileptics (Toman, 1949; Goodman, Toman, and Swinyard, 1949), 
The tests described in this paper probably reveal different aspects of the ex- 
citability of the explored cerebral structures. Study of minimal motor re- 
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sponses seemed to be an appropriate physiological test because it did not pro- 
duce explosive neuronal discharges, had the lowest thresholds, and evoked 
effects (movements) that are present in the normal life of the animal. One 
limitation of the test, however, was that by definition it could be used to explore 
only cerebral structures that produce motor effects. Also, in some areas of the 
brain, evoked movements might be produced by spread or could be secondary, 
for example, to sensory stimulation. In the pharmacological exploration of the 
motor area the test was suitable to reveal differential action of drugs, as shown 
m TABLE 2. The local motor-convulsive tests proved to be appropriate to ex- 
plore the convulsive capacity of motor areas and the differential modifications 
induced by drugs, as shown in TABLE 3. The test was designed for local 
exploration of the motor areas, having the advantages that several different 
cortical areas could be explored, and that the procedure was time-saving since 
thresholds were kept constant and determinations could be repeated at 5- 
minute intervals. Barany and Stein-Jensen (1946) reported that, when 
generalized convulsions were evoked, the threshold had progressive changes 
and, in subsequent determinations, it was advisable to wait at least 1 hour, but 
for test stimuli 5-minute intervals were sufficient. In our local motor-convul- 
sive tests, the study of factors that play a role in generalizations of seizures 
was omitted, and these factors are of paramount importance in clinical seizures. 
At present we are working on other tests for the analysis of these factors. 
Study of recovery time for convulsive capacity showed a fast recovery of local 
excitability. Fifteen seconds after the end of a seizure it was possible to evoke 
a new seizure without variation of threshold. The duration of the repeated 
seizures was changed, however, being proportionate to the intervals between 
seizures—the longer the interval, the longer the seizure. As a working hy- 
pothesis, the existence of 2 mechanisms might be postulated: the one responsi- 
ble for the onset of seizures and restored in a few seconds after a convulsion, 
and the other responsible for the prolongation of seizures and having a slow and 
progressive process of restoration (about 4 minutes in our experiments). 
Bardny and Stein-Jensen (1946), studying seizures induced by electrical stimu- 
lation through the scalp in rabbits, also suggested the independence of the 
mechanisms responsible for the onset and continuation of convulsions. 

Study of recovery time after drug administration may reveal changes in 
local excitability and also possible changes in mechanisms responsible for the 
prolongation of evoked seizures. It is known that the recovery cycle in tha- 
lamic synaptic transmission may be prolonged, for example, by pentobarbital 
(Marshall, 1941) and that this drug may also produce a synaptic depression 
(Eccles, 1946). In our experiments, phenobarbital was also very effective in 
depressing the onset and the duration of evoked seizures. Study of evoked 
electrical afterdischarges (EAD) may be considered a sensitive test for convul- 
sive activity of a local group of neurons. We found it more sensitive than 
thresholds for local motor convulsive effects (CT) for the study of convulsive 
activity of the brain. EAD had lower thresholds than CT (FIGURE 6), and it 
was possible to study EAD in cerebral areas not related to motility. Among 
the limitations of all the tests described in the present paper we should men- 
tion that they may detect local changes in excitability but not other possible 
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functional or chemical modifications. Evidence of this limitation was the ac- 
tion of chlorpromazine, which produced a considerable change in the electrical 
activity of the motor cortex (FIGURES 3 and 4) without any detectable modifi- 
cation of its thresholds for minimal motor response (TABLE 2) or for local motor- 
convulsive effect (TABLE 3). Demonstration of a differential action of drugs 
may have clinical implications to orientate a more specific treatment of differ- 
ent types of epilepsy. The usefulness of phenobarbital as a general anti- 
convulsant may be related to its widespread action upon motor thresholds, 
convulsive thresholds, recovery time, and electrical-afterdischarge thresholds 
of cortical, thalamic, and limbic structures. The powerful action of diphenyl- 
hydantoin to modify the character of maximal electroshock convulsion and to 
inhibit interneuronal facilitation responsible for the tonic phase of convulsions 
may be related to its powerful thalamic action, reinforced by its strong effect 
upon motor cortex. Discussion of the action of each drug is beyond the scope 
of this paper and will be presented in future publications. We should like to 
emphasize, however, the decrease in threshold for electrical afterdischarges 
produced by the administration of curare, since it shows that the excitability 
of different cerebral structures may be increased in curarized animals, and there- 
fore caution is necessary to compare experiments, performed under curare, 
with the function of the brain in the normal animal. It is also worthwhile to 
emphasize the effect upon the brain of the so-called tranquilizing drugs, chlor- 
promazine and reserpine, since they do not decrease, but increase, the excita- 
bility of some cerebral structures, mainly amygdala and thalamus, without 
changing the excitability of the motor cortex. 
Summary 

Direct exploration of the brain of unanesthetized animals before and after 
administration of drugs may give information about their selective pharma- 
cological action upon cerebral structures. Multilead implanted electrodes in 
cats and monkeys have been employed for this purpose. To study different 
aspects of brain excitability and differential action of drugs, the following tests 
have been developed: (1) threshold for minimal motor response; (2) threshold 
for local motor-convulsive effects; (3) recovery time of convulsive capacity; and 
(4) threshold for electrical afterdischarges. In addition to these, spontaneous 
electrical activity of the brain and its modification by drugs were also investi- 
gated. 

The following substances have been studied: 14 per cent CO, 10 per cent 
O:, atropine, diphenylhydantoin, phenobarbital, trimethadione, chlorpro- 
mazine, reserpine, lysergic acid diethylamide, and tubocurarine. Differential 
actions of some of these substances upon motor cortex, limbic structures, and 
thalamus have been described in this paper. As a clinical application of ex- 
perimental data, it is suggested that knowledge concerning the action of drugs 
upon different cerebral structures may lead to more specific treatment of the 


symptoms of epilepsy. 
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THE EXPERIMENTAL EVALUATION OF SEDATIVE 
AGENTS IN ANIMALS 


By Robert K. S. Lim, Merle H. Pindell, Howard G. Glass, and Kuno Rink 
Miles-Ames Research Laboratory, Elkhart, Ind. 


The problem of evaluating sedative activity in animals lies in finding the 
experimental equivalent of clinical ‘“daytime sedation,” which is a therapeutic 
measure employed to reduce such hyperpathic states as anxiety, apprehension, 
and agitation to a eupathia of composure and normal behavior. Although it 
may be possible to induce an approximation of this neurotic state in animals 
by conditioning or by the administration of psychotomimetic drugs, and to use 
such animals for testing, the procedures are too time-consuming and the condi- 
tions evoked are not sufficiently understood to serve the purpose of general 
screening. Because of these circumstances, normal animals are used. 

It is assumed that if a drug can reduce in the normal animal the eupathia of 
normal wakefulness, alertness, and responsiveness to the hypopathia of som- 
nolence and presleep (FIGURE 1) at dose levels that are low enough to avoid 
further depression of nervous function, the drug may also be effective clinically 
as a daytime sedative. It is evident that the experimental counterpart of 
sedation must be a state in which consciousness and reflex activity are little, 
if at all, impaired, and that somnolence meets this specification. Notwith- 
standing the tendency to lapse into light sleep with concomitant dimming of 
consciousness and homeostatic reactions, these activities are not so reduced in 
somnolence that an arousal stimulus fails to awaken the animal to normal 
alertness and responsiveness (see definition of states of sleep by Loomis, Newton 
Harvey, and Hobart, 1929; and by Doust and Schneider, 1952). If, accord- 
ing to Kleitman (1939), deep sleep is accompanied by unconsciousness and 
loss of righting, these conditions are rapidly reversible, for arousability is 
the criterion which distinguishes the ‘‘sleep” of somnolence or sedation from 
that of (experimental) hypnosis. When impairment of arousability and right- 
ing becomes temporarily irreversible the depression has passed beyond the 
stage of sedation. (Inability to right the hindquarters signals the subhypnotic 
stage. Inability to right both forelegs and hindquarters signals the hypnotic 
stage. Loss of vocalization and the motor response to toe or tail pinch, and 
the loss of corneal and pinna reflexes, complete the sensori-motor paralysis of 
the final stage of general anesthesia or coma.) * 

The methods usually employed for the assay of sedative drugs are not specif- 
ically directed toward the evaluation of sedative activity, although all methods 
utilize one or another of the characteristics of “sleep” as the criterion of effect. 
In the absence of a pharmacological definition of sleep, evaluation of sedative 
action has been conducted at different levels of this state, ranging from sleep 
itself to hypnosis, and even to general anesthesia. It is apparent that the 
criteria or endpoints employed in such evaluations have either overshot the 


*The experimental states described here are probably deeper than those found in man, to which 
the same terms are applied. 
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TABLE 1 
MeruHops AVAILABLE OR USED FOR THE EVALUATION OF SEDATIVE-Hypnotic Drucs 


No. Criterion or end point Authors 
i hy i Nielsen et al. 1925 
1 | Subhypnosis or hypnosis Fe atte foe 
Nelson et al. 1941 
2 | Prolongation of barbiturate sleeping Loew | 1927 
time Margolin et al. 1951 
Cronheim and Toekes 1954 
3 | Posture Chen 1954 
4 | Eyeclosure (Ptosis) Rubin and Burke 1954 
5 | Depression of activity 
(Wheel or jiggle cages) Schulte ef al. 1939, 1941 
Harned et al. 1952 
Castanera et al. 1955 
(Photocell cage) Winter and Flataker 1951 
(Dancing mice) Rothlin and Cerletti 1952 
6 | Analeptic antagonism Margolin eéé al. 1951 
Chen and Portman 1952 
Cronheim and Toekes 1954 
7 | Block of conditioned response | Cook et al. 1955 
8 | Block of evoked electrical response of | French et al. : 1953 
extralemniscal system | Arduini and Arduini 1954 


target of sedation or have not bracketed it adequately. Among the available 
methods (TABLE 1), excluding tests (1 and 2) that use hypnosis as the criterion 
or end point, and those (6) that introduce an analeptic and thus complicate 
the effect, only the methods employing posture (3), ptosis or eyeclosure (4), 
and activity (5) as criteria lend themselves to the direct evaluation of sedation. 
The conditioned response (7) and the evoked electrical response of the brain- 
stem (8), which require considerable preparation of the test animals, are less 
suitable from the standpoint of practicability, but may eventually prove to be 
desirable if simple procedures fail to serve the purpose of evaluating sedation. 
Three critéria, namely, posture, eyeclosure, and (diminishing) activity, which 
best characterize the attitude of somnolence (and sleep), have therefore been 
selected for the direct evaluation of sedation. To keep within the definition 
of the state of sedation as outlined above, animals that were not capable of 
being aroused by pinching of the tail or of righting themselves were excluded. 


The tests reported here have been made on rats. Similar tests may also be 
made on dogs. 


Method for the Direct Evaluation of Sedation in Rats 


This test was carried out with rats housed in a 25-rat-cage unit equipped with 
individual clear plastic flap-doors in front and a wire mesh behind to facilitate 
simultaneous recording of postures and eyeclosure by photography and the 
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activation of photocells (behind each compartment) and their counters by the 
movements of the rat. The experiments were conducted “blind,” the drugged 
and control animals and the doses given being unknown to the observer except 
for the fact that there were at least 5 rats to a dose. The room in which 1 hese 
observations were made was partially soundproof, and the temperature was 
maintained at 20 to 22°C. The test was performed under constant illumina- 
tion. Photographs were taken with a Polaroid camera at 15- or 20-minute 
intervals for 1 hour after water or drug administration, and scoring of posture 
eyeclosure, and activity (the last by counters connected with the photocells 
and mounted on top of the cage unit so that the numbers were also photo- 
graphed) was made from the prints. Ten seconds before photography a mild 
stimulus, applied by blowing, was used for arousal. This sufficed to startle 
most of the sleeping animals, but it did not keep them awake if they were deeply 
sedated. The posture, the state of the eyes, and the activity were noted by 
visual inspection and were recorded to serve as a check on the scoring of the 
Polaroid photographs. Scoring was carried out (FIGURE 1) as follows: 


Posture: 
Score 
Awake: Rat active and alert; body and head supported off floor............... 0) 
Presleep: Rat inactive and drowsy; body in one or another sleep posture with head 
BUMEMI LEC OF FIOQE AM rey ae eo ee enh ME oo ahc.. soccer icant Oc ate 1 
Sleep: Body in one or another sleep posture with head on floor................ 2 
Eyeclosure: 
Score 
eves ce te EN CITI OE ANNO 4 ate On = aie nie a aw ASV e snes Mea Se 0 
Presicepe yes partiality: Closed (84 FO. U4 acces cee ve sega ete teeueetest neawse 1 
Picepmeeres SHenKe orielosea: (less f HAY 377).5 cao dete. dye ate ie oo tsa ester’. vl Ses II 2 
Activity: 


The activity rate registered by the counters after drug administration was 
subtracted from the animal’s first (predrug) water-control activity rate, and 
the difference was given as the per cent of depression of activity from this level. 
When the postdrug activity rate was the same as or higher than the control 
rate, the score was zero. 

The percentile scores for posture (P), eyeclosure (), and activity (A) were 
combined, and the mean (M) was used in evaluation. In order to limit varia- 
bility, a control run with water (first water control) was always made 90 min- 
utes before the sedative compound was tested, and any animal scoring an M of 
more than 17 (which was the standard first water control M + 2 S.D.) or 
having an activity count of less than 10 or greater than 65 was rejected. For 
screening purposes, 10 per cent of the oral L.D.50 of the compound was given, 
and the mean (M) score was compared with the standard second water control 
(M), standard errors and the corresponding ‘‘/” and ‘‘p” values being used to 
test the significance of the figures. The first and second standard water con- 
trol means refer to the mean of the M values for water given at 0 and 90 min- 
utes in control experiments on 60 rats. In determining the median sedative 
dose by the quantal method (Weil, 1952), animals scoring higher than 45 (the 
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standard second water control M + 3 S.D.) were rated as sedated. The 
results were also plotted on log-probit paper (Miller and Tainter, 1944), and 
the approximate dose-effect slope (E.D., and E.D.99) was obtained. 

To ensure coverage of drugs that act slowly, the test was made at different 
hours after drug administration, the first and third hours being run with com- 
pletely different groups of animals so as to avoid conditioning. In some instan- 
ces the test was also made during the fifth hour after drug administration. 
This measure was found to add little to the information obtainable at the 
third hour and was not used routinely. 


Differences in the Character of Sedation Caused by Various Sedatives 


A series of compounds representing some of the sedative agents in common 
use, and including a few new compounds, has been evaluated by the direct 
method outlined above. Every compound except one (diphenylhydantoin-Na) 
induced well-marked sedation when given orally, the relative potencies in 
terms of the mean sedative dose being found to range from 1 to 16 per cent of 
the A-L.D.59 (TABLE 2). Equality in the sedative score or dose, however, did 
not necessarily imply similarity or identity of sedative effect, for each drug 
exerted different degrees of effect on each of the 3 criteria employed. 

(1) The influence on posture, which appeared to be an effect principally on 
muscle tonus, took 3 forms. Compounds such as the barbiturates and chlorpro- 
mazine caused hypotonus and flaccidity, the latter during the early part of the 
sedative action. Ethylcrotonylurea (Pindell e/ a/., 1953) had little effect on 
posture at sedative dose levels, and the rat administered this compound went 
to sleep in its normal tonic posture with its rump raised and its head tucked 
under its belly between its hind feet. On the other hand, reserpine caused a 
tonic (or hypertonic) posture that kept the rat poised on its feet with its body 
supported off the floor ina “chick-like”’ pose for long periods. When the head 
did droop, it was the snout and not the lower jaw which contacted the floor. 

(2) The effect on eyeclosure occurred faster (within 20 minutes) and was more 
resistant to arousal with ethylcrotonylurea (FIGURE 2) and the diazepines than 
most of theothercompounds. Chlorpromazine and reserpine also had a marked 
effect on eyeclosure, but after a longer latent period (about 45 and 120 minutes 
respectively). The sedatives all caused a variable degree of eyeclosure at low 
dosage, but did not necessarily produce greater eyeclosure at higher doses. In 
fact, the barbiturates and many of the sedatives, when given in lethal doses, 
usually caused hypnosis and death without closing of the eyes. 

(3) Activity was reduced and eventually arrested by all the sedatives, with 
differences in timing, that is, in latency and duration of effect, and at rates 
that did not depend upon the progress of the other facets of somnolence. For 
example, the benzodiazepine- or reserpine-sedated rat, with eyes closed and 
lids seemingly glued with lacrimal secretion, not infrequently exhibited con- 
siderable locomotor activity during the earlier phases of the induction of seda- 
tion. All sedated rats, regardless of the drug given, continued to manifest 
periodic episodes of preening and mouth automatisms, and they were rarely 


completely quiet for long. 
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TABLE 2 
PHARMACOLOGICAL PROFILE OF SEDATIVE COMPOUNDS IN RATS 


Sedation | Anticonvulsive pee tg Hypnosis | Lethal z 

3 
me Pirie Z 
Compoun Ete a a : : ; et 
Lee JS IS. le HO: lan ear We) elie aS 
ARS | QBS |elacieiasjORs|O asin ae] mas ARS) ASS |ARSIARS| AE 

wn |o jt | it it io [wm [1 Ia ja < 
12 Reserpine ss cme eer 1 3 a ?*| 69/100 1440 
I, Aree lgel NaN emir! 11) |) 24 ?T , ?t 607100 1500 
3. Benzodiazepinel. ea. ass. — 72| 202} | 119|208 |151 296 60100, 530 
Ale Chilonpnomacite sae (4)/ (10)| | 50) 95 | 67/174 | 63100) 120 
5. Methylbenzodiazepinet....) (4) (11)| 92|107 |105/125 | 88/100) 775 
6. Ethylcrotonylureat........ | (3)}| (10) 48) 60 | 60 96 76/100) 2500 

| = 

7. Diphenylhydantoin-Na..... Oy 0 23) 70 60 84 64) 92 65 100, 1530 
8. Methylcyclohexylurea......] 14 | 38 | —j —| 14} 22| 63) 92 | 72) 98 | 73/100) 1040 
9. Methylcyclopentylureat....| 13 | 38 | 12} 35) 20) 40) 60) 74 | 63} 80 | 56'100) 1200 
LOS Giaple bromidestiy ee (10); (20)) —| —| 41] 78} 37) 57 | 57| 72 | 71/100) 4375 
(ie Mrimethadione ss seee rte 6 | 33 | —| —| 17| 47) 47) 49 | 51) 68 | 86 100, 2140 
12 Glutethinnicleye eee eer 16 | 38 41] 66 | Sl} 71 | 76/100} 435 
i GamiVilemio Delia te seen eee LOM P22 46| 57 | 49} 64 | 78/100) 865 
il, Wiltedangayaydloin, <2 oe (7)| (21) 36! 43 | 43) 60 | 71/100) 280 
Sis (Chrono, oo oe ee oe (1)| (2)) 10) 17} 11} 25) 33) 42 | 42) 58 | 75|100) 600 
iG, PawacloentoneiIN 2... (4)| (6)} 19} 59} 23) 60) 12) 17 33; 50 | 70/100) 150 
17. Ethylceyclopentylureat..... 9 | 16 | 25) 45) 12) 27) 15} 21 | 21) 39 | 53/100, 950 
18 Secobarbital- Nace aes (3)| (S)| 15} 20 | 30} 36 | 59/100) 50 
19. Pentobarbital-Na.......... | (2)| (3) | | 15, 18 27| 33 | 66/100}. 55 


The figures in parentheses are for first-hour determinations. All other figures are for third-hour determina- 
tions. Each effect was studied in at least 25 rats, with 5 rats toa dose. 

S. D., sedative dose; A. E. C. D., antielectroconvulsive dose; A. C. C. D., antichemoconvulsive dose; S. H. D., 
subhypnotic dose (loss of righting in hindquarters only and tardy arousal or nonarousal); H. D., hypnotic dose 
(loss of righting in both hind- and forequarters and nonarousal); %, per cent of the A-L. D.s0 (RatOR),. 

* No subhypnosis or hypnosis seen at 4500 mg./kg. 

+ No subhypnosis or hypnosis seen at 6400 mg./kg. 

+ New compounds prepared by O. E. Fancher and Gust Nichols of the Organic Chemistry section of the Miles- 
Ames Research Laboratory, Elkhart, Ind. 


Pharmacological Profile 


These variations in the sedative syndrome indicate that the different patterns 
of sedation probably depend on the neural sites acted upon, and that the dif- 
ferences in. the neuropharmacological response not only at the sedative level 
but at all levels may serve to differentiate between the main types of sedative 
agents. In order to include the entire spectrum of effect, the “pharmacologi- 
cal profile” of each of the agents dealt with in this report was determined ex- 
perimentally and the results (essentially a record of every major effect whether 
desirable or not) were presented (TABLE 2) in terms of dosage in percentage of 
the A-L.D.59 (RatOR). | 

Each determination usually required the oral administration of 2 series of 
geometrically spaced doses, ranging from the lower series needed to bracket 
sedation to the higher series required to bracket subhypnosis, hypnosis, and 
death, the latter being carried out first to ascertain the A-L.D.5. At 5 rats 
per dose, and a total of 10 doses to cover the 2 series, at least 50 rats were used 
for each profile. The results were computed by using Weil’s (1952) method to 
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calculate the E.D.50’s, and plots of quantal responses (number of rats rendered 
sedated, subhypnotic, hypnotic, and dead at each dose) were recorded on Miller 
and Tainter (1944) log-probit paper to obtain the dose range (E.D.; to E.D.9) 
for each effect. A graphic presentation of the profiles is given in FIGURE 3. 
The ordinate for each histogram represents probits 2.7 to 7.4 (or 1 to 99 per 
cent), and the abscissa represents the logarithm of the dose. ' 

The lethal range. The L.D.; gives the limit of safe dosage below which death 
is not likely to be encountered. As Foster (1939) has pointed out, the limits 
E.D.99 to L.D.; are of greater significance in determining the safe therapeutic 
dose range than the interval E.D.5) te L.D.50. The L.D.1’s of the compounds 
in TABLE 2 ranged from 53 to 88 per cent, with a mean of 68 per cent. The 
lethal limit was remarkably uniform and thus of no value in differentiation. 

The hypnotic range. The 19 compounds listed in TABLE 2, and their profiles 
(FIGURE 3), have been arranged in order of their H.D.5’s. The first 
6 compounds had a hypnotic range at or above the A-L.D.5.. In fact, reser- 
pine and azacyclonol did not seem to cause any hypnosis at all, while the next 
3 compounds, benzodiazepine, chlorpromazine, and methylbenzodiazepine, had 
H.D.59’s of 296, 174, and 125 per cent of the A-L.D.50, respectively. Subhyp- 
nosis being a part of the general hypnotic effect, the subhypnotic range stayed 
close to the hypnotic range. With the exception of azacyclonol, which had an 
S.D.50 of 11, per cent of the A-L.D.50 , the other compounds had S.D.50’s of 1 to 7 
per cent of the A-L.D.5, giving these compounds, namely reserpine, benzo- 
diazepine, chlorpromazine, methylbenzodiazepine, and ethylcrotonylurea, the 
largest safe sedative range™ of all the compounds under investigation. 

Reserpine and chlorpromazine are well-established tranquilizers or psycho- 
sedatives, while azacyclonol is a psychosedative also, but a much weaker one 
(Himwich, 1955). Ethylcrotonylurea has been found to be effective clinically 
in allaying anxiety and apprehension, in holding down the dose of reserpine 
and chlorpromazine required for tranquilization, and in preventing the develop- 
ment of parkinsonism in patients under prolonged treatment with either of 
these drugs (Ferguson, 1955). It may thus be described as a mild psycho- 
sedative. The clinical activity of the benzodiazepines is unknown. 

The middle group of compounds, Nos. 7 to 11, are anticonvulsants that, with 
the exception of diphenylhydantoin-Na, exhibited moderate to slight sedative 
properties. .Methylcyclohexylurea and methylcyclopentylurea were the most 
effective sedatives of this group that had H.D.59’s ranging from 68 to 92 per 
cent of the A-L.D.5). There seemed to be no relation between the anticonvul- 
sant and the sedative-hypnotic properties. The antielectroconvulsive and 
antichemoconvulsive doses of these compounds are given in TABLE 2 and 
FIGURE 3. 

The last group of compounds, Nos. 12 to 19, had subhypnotic and hypnotic 
H.D.50’s well below the A-L.D.59 (the H.D.s0’s were 33 to 71 per cent of the 
A-L.D.59). The older members of this group, carbromal and the barbiturates, 
have long been used experimentally to induce general anesthesia at the hypnotic 
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a BENZODIAZEPINE = = . 530 
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14. METHYPRYLON 278 
15. C ARBROMAL 600 
16. PHENOBARBITAL - Na 150 
17. ETHYLCYCLOPENTYLUREA 950 
18. SECOBARBITAL-Na 50 
19. PENTOBARBITAL - Na 55 
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Frcure 3. Pharmacological profiles of sedative compounds plotted on log-probit paper. The ordinate of 
each histogram represents probits 2.7 to 7.4 (1 to 99 percent); the abscissa Davee the log dose scale. The slope and 


dose range of sedation, subhypnosis, hypnosis, and death are indicated by shading; and the antielectroc onvulsive 
(AECD) and the antichemoconvulsive (ACCD) doses of some of the « ompounds are also shown 

dose level. With the exception of carbromal, this group had the smallest 
sedative (that is, S.D.95 to S.H.D.1) range, so that there was only a narrow 
margin between therapeutic sedation and subhypnosis. The compounds of 
this group can best be described as hypno-sedatives, and they may be expected 
to be overly depressive. Of the newer members of the group, glutethimide, 
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meprobamate, and methyprylon, however, only meprobamate is rated as a 
tranquilizer or psychosedative. 


Discussion and Conclusions 


(1) The assumption that sedation is akin to somnolence or presleep, and 
that the mechanism of sedative action is, in part, the same as that involved 
in the induction of normal sleep, has permitted the use of the concomitants 
of sleep (namely posture, eyeclosure, and activity) as criteria in the direct 
evaluation of sedation in animals. In employing these criteria in the investi- 
gation of sedative agents it has become evident that there may be more than 
1 type of sedation. Thus the barbiturates caused inactivity and flaccid or 
hypotonic sleep postures without accompanying eyeclosure, while ethylcrotonyl- 
urea induced inactivity and normotonic sleep postures with early eyeclosure, 
and reserpine caused inactivity and a hypertonic posture with eyeclosure 
after a long latent period, although all of the compounds reached significant 
levels of sedation at low doses (less than 10 per cent of the A-L.D.59). The 
flaccid and tonic types of sedation may represent the experimental counterpart 
of hypnosedation (or somnifacient) and psychosedation (or daytime) respec- 
tively. 

(2) Older evaluations of sedative potency have depended upon the thera- 
peutic index, on the basis that a large ratio between the lethal and the hypnotic 
dose provided enough leeway dosewise to exploit a less than hypnotic effect. 
By this approach, sedatives that have a therapeutic index close to or less than 
unity would be judged to have no useful activity. By using the method of 
direct evaluation of sedation, however, sedatives such as ethylcrotonylurea, 
which has a therapeutic index of 1.04 because of a hypnotic range close to the 
A-L.D.5 , have been shown to have a wide range of safe sedative dosage. Fur- 
thermore, the known psychosedatives, which are powerful sedatives, have 
therapeutic indices of less than unity, either because their hypnotic range is 
situated at or above the A-L.D.5) (for example, chlorpromazine, H.D.5) 174 
per cent of the A-L.D.59) or because they possess no hypnotic range at all (for 
example, reserpine, H.D.59 not ascertainable). At the other end of the scale 
the barbiturates, which are highly depressant in their action on the central 
nervous system and are powerful somnifacients and general anesthetics, have 
a therapeutic index of approximately 3, and hypnotic ranges below 50 per cent 
of the A-L.D.5). The determination of the position of the H.D.s9 relative to 
the A-L.D.5) may thus furnish a means of differentiating between the psycho- 
sedatives and the hypnosedatives. 

(3) The fact that sleep supervenes when the sensory input via the extra- 
lemniscal ascending reticular activating system is cut off by injury or disease 
at the caudal end of the hypothalamus or in the midbrain (Bremer, 10355 
Ranson, 1939; Moruzzi and Magoun, 1949; and Magoun, 1952), together with 
the depression of the evoked electrical activity of the extralemniscal system 
after the administration of a hypnotic or anesthetic (French et al., 1953; Arduini 
and Arduini, 1954), provides evidence that drug somnolence or sedation is 
brought about by blockade of the same system. The extralemniscal system, 
being multisynaptic, is more likely to be blocked than the parvisynaptic classical 
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lemniscal pathways (Petersen, 1952), and it would appear that the block also 
extends to the afferents of the oculomotor nuclei, causing levator palpebrae 
paresis and eyeclosure, thus fixing the location of at least a part of the block 
in the mesencephalic tegmentum. 

In the present experiments the vocalization and motor responses to the 
nociceptive and tactile stimulation of the sedated animals have shown that 
the spinothalamic and lemniscal pathways are unblocked and remain open 
until the dose is high enough to cause hypnosis (that is, to block the righting 
reflexes). At least this was the case with the barbiturates. Loss of righting 
associated with loss of vocalization and motor responses signaled the spread 
of block first to the remainder of the afferent (proprioceptive, spinothalamic, 
and lemniscal) systems of the brainstem and later to spinal segments, resulting 
in anesthesia and paralysis or coma. At the other end of the series, with chlor- 
promazine, hypnosis was not accompanied initially by loss of vocalization or 
motor deficits, and with reserpine the animals apparently did not become 
hypnotic. The evidence indicates that psychosedation involves a blockade of 
only a part of the extralemniscal system in the midbrain and its more rostral 
thalamo-cortical reverberating circuits, and that any sedative that tends to 
block the total afferent pathways is not likely to act as a psychosedative. 


Summary 


(1) A method for the direct evaluation of sedation in rats has been de- 
scribed. 

(2) The position of the sedative, subhypnotic, hypnotic, and lethal dose 
ranges in relation to each other, expressed in per cent of the acute L.D.50 , pro- 
vides a ‘“‘pharmacological profile” that permits the differentiation of sedative- 
hypnotic agents into 2 classes. 

(3) The barbiturates having well-marked somnifacient and anesthetic prop- 
erties are distinguished from drugs having psychosedative action by the 
possession of a hypnotic range below 50 per cent of the A-L.D.50, while the 
latter have a hypnotic range close to or above the level of the A-L.D.5).._ Seda- 
tives that are anticonvulsants occupy an intermediate position. 
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THE PREDICTABLE VALUE OF ANTICONVULSANT INDICES* 


By Elizabeth H. Jenney and Carl C. Pfeiffer 


Department of Pharmacology, Emory University Division of Basic Health 
Sciences, Emory University, Ga. 


Anticonvulsant testing, when accurately performed, should not be viewed by 
industry as a procedure that is limited to the possible discovery of better 
anticonvulsants, but rather as the delineation of drug effects on the central 
nervous system (CNS), which may result in new compounds with broad use- 
fulness in epilepsy, neuroses, depressions, psychoses, parkinsonian tremors, and 
mental retardation. While the need is great for better anticonvulsants, the 
commercial application of a new product in this limited field will hardly en- 
courage a research director to provide adequate funds and personnel for the 
requisite testing program. A broader vista is thus necessary, and this is 
exemplified by the fact that reserpine will lower the electroshock threshold of 
animals' and meprobamate will significantly raise the threshold of, and lower 
the mortality from, intravenous strychnine infusions.2, The modicum of 
commercial success of these 2 drugs should turn the mind of the treasurer 
toward an anticonvulsant testing program in spite of possible deficiencies in 
his previous biological training. 

The need exists, however, for more effective and safer anticonvulsant drugs, 
since the presently available anti-petit mal drugs possess toxic hazards. Some 
anti-grand mal drugs such as mesantoin and phenacemide are toxic, and safe 
drugs for the treatment of diphenylhydantoin-resistant psychomotor seizures 
are nonexistent. At present, theories are unavailable to explain the serious 
side effects such as skin rashes, bone marrow depression and liver impairment 
that have plagued the therapy of epilepsy when new anticonvulsants are used. 
Perhaps the most important factor in these unexplained drug reactions is the 
fact that antiepilepsy drugs are usually given (daily and continuously) to 
patients in increasing dosage until the seizures are controlled or the patient 
manifests signs of intoxication. The introduction of plasma-level determina- 
tions of anticonvulsant drugs may introduce a greater margin of safety in that 
the vagaries of individual intoxication by the drug may then be regulated by 
lowering the individual’s daily dose. 


Animal Testing 


The program of animal testing has only 1 objective: the tabulation and 
interpretation of statistically significant data (informative to the organic 
chemist) with the least expenditure of time and money for animals and phar- 
macologically trained personnel. Many theoretical problems and new test 
methods need to be explored, however, so that a nonminimal budget with 
adequate direction will allow for the scientific growth of the research team and 
provide new yardsticks for measuring drug action on the central nervous sys- 
tem. The question in anticonvulsant testing is not which single test is best 
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to use but, rather, which battery of tests will provide the most information 
with the least duplication of similar mechanisms of convulsant action. 

The most suitable animal for preliminary CNS drug testing is the albino 
mouse. The albino rat is more expensive and does not absorb diphenyl hydan- 
toin or other diphenyl compounds’ from its gastrointestinal tract, which may 
cause the investigator to miss other lipoid-soluble drugs that are not orally 
absorbed by the rat. Likewise, the mouse may have vagaries in absorption so 
that the use of both oral and intraperitoneal dosing is a safe precaution. Rou- 
tinely, the insoluble chemical is suspended in 1 to 1.5 per cent gum tragacanth* 
and administered via an intragastric tube. Occasionally a waxlike gum may 
suspend with difficulty in tragacanth. One must then use peanut oil or organic 
solvents and compare the drug effect against the effect of the solvent alone. 
Propylene glycol has a convulsant effect in large doses and some anticonvulsant 
effect in low doses and, therefore, its use may be a misleading factor.» When 
pharmacologists are accustomed to work with water-soluble chemicals they 
may be reluctant to work with tragacanth suspensions. These suspensions, 
however, when properly prepared, will easily pass the lumen of a 26-gauge 
needle. 

Because of their rapid metabolism, mice should not be starved more than 
4 to 6 hours prior to use. Mice starved for 16 hours are in a debilitated state 
that will not allow their recovery from long-acting depressants or cerebellar 
ataxants.2 Mice bedded on cedar shavings (rather than other wood shavings) 
apparently inhale so much volatile camphorlike convulsant (cedral) that their 
“normal” thresholds to electroshock and chemical convulsants may be errati- 
cally lowered? 

In order to test CNS drugs logically, 3 preliminary observations are needed. 
These are: (1) the minimal ataxic dose (minimal neurological deficit dose), 
(2) the lethal dose (either approximately lethal or L.D.50), and (3) the time of 
maximal drug effect. The latter is automatically available if accurate notes 
are kept during the determination of (1) and (2). 

The minimal ataxic dose (M.A.D.) may be determined with a fair degree of 
accuracy by placing the mice at 5-minute intervals after dosing on a taut wire 
or the rim of the mouse jar. Inability of the mouse to walk a tight wire is 
considered ataxia. Abnormal sedation coupled with inability to walk a tight 
wire is considered depression. Diphenylhydantoin produces ataxia and phe- 
nobarbital produces depression. The determination of the L.D.s0 is routine 
and needs no further elaboration. Since mice will be tested at the M.A.D., 
the time of maximal drug action at this dose level is most pertinent. The time 
of maximal drug action and duration of drug effect at the L.D.s0 may allow the 
investigator to extrapolate back to the probable time of maximal drug action 
of smaller doses. With the M.A.D. determined, all convulsant procedures are 
done at this dosage level with the convulsant tests applied at the time of maxi- 
mal drug action. 

With cornea! electrodes the convulsive dose (C.D.50) for a maximal seizure 
in the mouse is 7.9 mAmp. (variac powered) for a stimulus of 0.3-second du- 
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ration. Reserpine and 11-desmethoxyreserpine lower the threshold dose to 
5.5 mAmp., but rescinnamine (in the mouse) does not. Anticonvulsant drugs 
may raise the mouse’s threshold to current, or the typical tonic-extensor seizure 
pattern may be modified. If the threshold to current be raised, the mice should 
be tested with 15, 30, 60, and 90 mAmp. to determine the degree of rise in thresh- 
old. Lack of seizures at these 4 suprathreshold levels may be conveniently 
classified as 1 to 4 plus activity of the compound under test. Change in seizure 
pattern from tonic extensor to tonic flexor or clonus should also be recorded. 
This is the predominant effect of diphenylhydantoinlike compounds. One can 
increase the test milliamperage as before to ascertain the effect of suprathresh- 
old levels. If the compound under study converts the tonic extensor seizure 
to clonus, however, higher levels of electrical current are not apt to produce a 
typical seizure. 


Chemical Convulsants 


Other groups of mice are dosed with the M.A.D. and tested at the time of 
maximal drug action by means of intravenously infused pentylenetetrazol and 
strychnine. These groups serve to ascertain, respectively, the anti-petit mal 
and the mephenesinlike effects of the test compound. The apparatus employed 
consists of a cone-shaped mouse holder made of Plexiglass and attached to a 
metal base (FIGURE 1). The Plexiglass makes it possible to observe clearly 
the reactions of the animal within the holder. A slit, through which the tail 
of the mouse is pulled, extends the length of the cone at its top. The mouse is 
pulled into the holder by drawing its tail through the slit in the cone, and the 


FicurE 1. Plastic mouse holder for timed intravenous infusion injections . 
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injection is made into a tail vein, using a 27-gauge needle. A 0:5. perscent 
solution of pentylenetetrazol is employed in each test and injected at the rate 
of 0.05 cc. every 10 seconds. 

The reactions of the untreated mouse to the timed intravenous infusion of 
pentylenetetrazol follow a definite pattern. Three “signs” of reaction follow 
each other in strict sequence as the concentration of drug is increased in the 
blood stream. The first of these signs is the “first twitch,” a sharp single 
twitching of the animal’s entire body. This is followed very shortly by a 
“Hseudoconvulsion,” a series of clonic movements usually accompanied by an 
audible squeak. Very often the mouse pulls his head down under his body. 
The “pseudoconvulsion” is followed by alternate clonic movements and resting 
phases. The third sign, or “persistent convulsion,” appears at the highest 
drug concentration and is the final end point of the injection. The “persistent 
convulsion” consists of tonic flexion followed by tonic extension, which is 
usually lethal. The doses of a 0.5 per cent solution of pentylenetetrazol at 
which the above-mentioned reactions occur are determined in a group of control 
animals. Results for groups made up of mice weighing 20 gm. have been de- 
termined (TABLE 1). In determining normal and elevated strychnine thresh- 
olds the apparatus and technique are essentially the same as for the pentylene- 
tetrazol method. A 0.005 per cent solution of strychnine is injected at the rate 
of 0.05 cc. every 10 seconds. The end point is the tonic extension of the ani- 
mal’s hind legs; that is, the peak of the strychnine convulsion.* 

The results obtained with the test drugs, sodium phenobarbital, trimetha- 
dione, phenacemide, and mephenesin, against pentylenetetrazol illustrate the 
value of the timed intravenous-infusion method. Degree of threshold elevation 
(TABLE 1) is expressed as a ratio of the mean of the thresholds of the protected 
animals to the mean of the thresholds of the appropriate group of control 
animals of similar weight. Trimethadione (500 mg./kg.) effectively elevates 
the pentylenetetrazol thresholds. It does not prevent death or modify the 
pattern of the persistent convulsions, however. Both phenobarbital (50 
mg./kg.) and phenacemide (400 mg./kg.) elevate the thresholds significantly. 
Phenobarbital modifies the seizure pattern from the usual tonic extensor to 


TABLE 1 


INTRAVENOUS PENTYLENETETRAZOL (0.5 PER CENT) INFUSION IN MICE 
AFTER ORAL Dosrs OF ANTICONVULSANT DRUGS 


“ Persist- ; 
twitch || cone peRWHS | Eek a | Niortai tame 

vulsion 7 

Control TICE cen aye eee ee 0. toe 0.45*|, ead) AE 100 
Trimethadione (500—1 hr.)+..... 0.37 | 0.86 | 1.9 | TE 100 & eee 
Phenacemide (400—1!6 hr.)..... OF Se Ossomme ee Clonus | 30 % 82 min, 
Phenobarbital (SO—2 Hira) eee OFSG7 1 O.85) ede Clonus 100 % 8 min. 
Mephones (300—1¢ hr.)...... 0.24. 0.61 |) te Clonus 100 % 27 min. 
RL-286 (SO—1 hr.)........... 0.34 | 0.87 | 1.9 TE | 87.5 % | Immed. 
= Le 1 


* Milliliters of pentylenetetrazol. 
} Dose and time of testing. 
t Above the M.A.D, 
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TABLE 2 


COMPARISON OF INTRAVENOUS TITRATION AND SUBCUTANEOUS 
DosaGE OF PENTYLENETETRAZOL 


Intravenous titration Subcutaneous dosing 

mice mice 

Con- Trea- Con- | Trea- 
trols, | ted,* | Ratio trols, ted,* Ratio 

mg./kg. |mg./kg. mg./kg. |mg./kg. 
MEME MRED Deo SF at 8 ssc ie oe 42 | FT Ue 2sO i C Dah Gi lees |e: 
Psendo convulsion... .. 2... 2. en an. $1 131 256 C.D.95 62 17 See2eo 
Persistent convulsion. ......-..... 134 | 259 1.9 L.D.50 99 LOOM Le 
| L.D.95 121 200 ioe 


= 


* Treatment was an oral dose of 500 mg./kg. of trimethadione given 1 hour before testing. 


clonic fits, but fails to lower mortality. Phenacemide modifies the pattern of 
“persistent convulsions’’ and also prevents fatality in 70 per cent of the ani- 
mals. Mephenesin raises the threshold only slightly when pentylenetetrazol is 
infused, but the lethal outcome is delayed. For comparative purposes, the 
most consistent ratio is that of the ‘‘first twitch’? volume divided by the mean 
“first twitch” volume of the control group of mice. 

The results obtained from the intravenous infusion and the subcutaneous 
injection of pentylenetetrazol following the same fixed dose of 500 mg./kg. of 
trimethadione are summarized in TABLE 2. Control experiments were per- 
formed, and it was found that 85 mg./kg. of pentylenetetrazol as a 1 per cent 
solution produced convulsions in 95 per cent of the mice, severe seizures in 
60 per cent, and death in 20 per cent. At a dose of 125 mg./kg. administered 
subcutaneously, severe convulsions occurred, with death in all animals. The 
greatest advantage of the timed intravenous-infusion method is that it makes 
possible an accurate graded evaluation of anticonvulsant compounds with a 
minimum of time and effort. Since the concentration of drug within the 
animal’s blood stream is increased at a constant rate during each single trial, 
a complete picture of the antagonistic properties of a drug may be obtained 
from 1 series of animals, using increments in dosage of 12.5 mg./kg. The 
subcutaneous method, however, necessitates a number of series, each at a 
different drug concentration, thus calling for the use of many more animals 
and much more time, especially with effective drugs. 

Intravenous titration with strychnine is most useful in testing for inter- 
neuronal depressants (TABLE 3). The anticonvulsant atrolactamide, however, 
is an interneuronal depressant,’ and meprobamate and other prolonged-acting 
drugs of this type are effective in the clinical treatment of both grand mal and 
psychomotor epilepsy but tend to accentuate pelil mal epilepsy.” As can be 
seen, trimethadione, phenacemide, phenobarbital, and atrolactamide signifi- 
cantly raise the threshold to strychnine, and the last 3 drugs significantly reduce 
mortality. It is apparent from the data on strychnine infusion that the classi- 
cal anticonvulsant drugs at their M.A.D. raised the threshold but did not effec- 
tively antidote the lethality of strychnine. The interneurone depressants 
atrolactamide, mephenesin, and meprobamate, however, can raise threshold 
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TABLE 3 


INTRAVENOUS STRYCHNINE (0.005 PER CENT) IN MICE 
DosED ORALLY WITH ANTICONVULSANTS 


Ratio Mortality Time of death 
Gontrolamice (2 0;o5)n (OFA tual) epereereranter ter 1.0 100 % Immed. 
Trimethadione (500—1 tg AG Ror coo and cee 1.5 82.5 %G 20 min. 
Phenacemide (400—114 hr.)................ 1.5 60 % 28 min. 
Bhenobat bial (SO——2 ilies) erie tere tetereter tes 1.5 65 % 19 min. 
Atrolactamide (250—1 hr.)..............--. 15 25% = 
Mephenesin* (200—¢ hr.)...............-. 12 50 % oe 
Miephemesime (G00 ——¢ulite» ep tetitianter tras Al 37 30 % min. 
Mephenesin* (400—!¢ hr.)................. 2.0 0% — 
(Vieprobamnate (lls Oil) lis) areas eteet eater A 16 % == 


* All mephenesin doses are above the M.A.D. 


TABLE 4 


EFFECT OF RAUWOLFIA ALKALOIDS ON CONVULSANT 
THRESHOLDS DETERMINED BY FIVE METHOpDS* 


Test method Rauwolfia treated | Control | Ratio R/C 
| | 
Pentylenetetrazol 0.5 %............. 62.5 mg./kg. | 115.0mg./kg. | 0.54 
Sirayclanavine OOS) Vos sess eccca sodas 0.79 mg./kg. | 0.66 mg./kg. | 1.08 
‘Ammoninm) acetate a Yo--.2....- 5s: 982.0 mg./kg. | 840.0 mg/kg. | 1.17 
Seuibteendopivacls (CnlDy ins aseaqancsaccc|)  f0bO@lmac Yise 115.0 mg./kg. | 0.78 
lectroshocks GAD scorer ere etter | 5.5 ma. 7.9 ma. 1) 10.70 


* Mice treated with 50 mg./kg. of Rauwolfia alkaloids daily for 9 days (tested on ninth day). 


and increase survival. To determine the statistical significance of the rise in 
thresholds after drug treatment, one runs a concomitant group of control 
mice of the same weight and age, determines the standard deviation of the 
measured infused volumes in the treated and untreated groups, and applies 
the “T” test. A rise of 25 to 30 per cent in paired groups of 10 mice each is 
usually statistically significant at the 1-in-20 level of confidence. 

Infusions of ammonium acetate (5 per cent) can be used in the same manner. 
This correlates a chemical method with the data that might be obtained by 
combining the results of electroshock tests with those of the strychnine-infusion 
tests. Data obtained in mice after dosing with 50 mg./kg. of the alkaloids of 
Rauwolfia indicated a selective lowering of the convulsant thresholds to electro- 
shock, pentylenetetrazol and semicarbazide. The thresholds to ammonium 
ion and strychnine were slightly raised by Rauwolfia alkaloids (TABLE 4). Thus 
the ammonium ion test is different from the electroshock test and simulates 
the strychnine test in reserpine-treated animals. 

Other convulsants, such as picrotoxin and semicarbazide, that have a pro- 
longed latent period before the onset of convulsions, cannot be used by the 
Intravenous titration method. Nicotine cannot be used for intravenous 
titration because of rapid tachyphylaxis to its convulsant action. 

Hydrazides, such as semicarbazide, produce an acute pyridoxine deficiency 
of the CNS.° 7 This deficiency results in repetitive maximal tonic extensor 
seizures in the mouse, wherein the mouse becomes susceptible to audiogenic 
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seizures or photic stimulation for the 1- to 5-hour period after dosing. The use 
of semicarbazide duplicates in a chemical fashion the data that may be obtained 
from electroshock testing. The administration of the almost worthless anti- 
epilepsy drug, pentobarbital (100 mg./kg. orally) at the same time as semi- 
carbazide HCl (250 mg./kg. I.P.) discloses that the duration of action of 
pentobarbital is not sufficiently prolonged to protect mice or epileptics ade- 
quately against seizures—the mice regain their righting reflexes in 45 + 12 
minutes and convulse in 102 + 21 minutes. In this test 14 of 16 mice died of 
convulsions at the mean time of 138 + 21 minutes with an average of 2.4 
seizures per mouse. Control mice averaged 2.2 seizures in 67 + 9 minutes 
and 14 to 16 died at the mean time of 96 + 30 minutes. Thus semicarbazide 
is most useful for determination of the duration of action of an anticonvulsant. 
Obviously, pentobarbital, and also mephenesin, are too rapidly detoxified to be 
classified as useful antiepileptic drugs. By contrast, atrolactamide, which is 
excreted unchanged in the urine at the rate of 50 per cent per day, has an ideal 
duration of action® and would be an ideal antiepilepsy drug if it did not depress 
bone marrow function. 

Acetazolamide* (500 mg./kg.), when tested in mice, produced a delayed rise 
in the electroshock seizure threshold at the fourth to sixth hour with no signifi- 
cant changes in the pentylenetetrazol threshold. Paradoxically, the drug is 
most active against pefit mal seizures, in particular those patients in whom 
the EEG abnormality is enhanced by hyperventilation.’ This effect on the 
seizure thresholds is undoubtedly correlated with maximal inhibition of brain 
carbonic anhydrase,” and it indicates that the search for better or safer carbonic 
anhydrase inhibitors should employ chemical methods rather than anticonvul- 
sant test methods. 

Our laboratory has had no experience with either the 6/second psychomotor 
test or the hydration electroshock test and, therefore, we have no opinion on 
the value of these tests. 


Calculation of Indices 


Amides and compounds such as phenacimide have a broad spectrum of anti- 
convulsant action against electroshock, pentylenetetrazol, strychnine, the 
ammonium ion, and hydrazides. This broad action in animals may be corre- 
lated with broad clinical usefulness and specific antipsychomotor epilepsy 
action. With these compounds an index that includes all of the tests is some- 
times helpful in determining which of the candidate compounds should receive 
chronic-toxicity testing in mice or rats. Such an index can be compiled by 
adding together all of the indices and observations in order to provide an 
order of effectiveness. Thus the pattern change in the individual mouse after 
electroshock or pentylenetetrazol can be rated as follows: tonic extensor = 0; 
tonic flexor = 1; clonus = 2. The deaths from strychnine or pentylenetetrazol 
can be rated as: immediate death = 0; delayed death = 1; survival = 2. 
TaBLE 5 summarizes such a weighted comparison of atrolactamide with its 


orthomethyl congener. 


Diamox, Lederle Laboratories Division, American Cyanamid Company, Pearl River, Nas 
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TABLE 5 


WEIGHTED ToTaL INDEX AS APPLIED TO SIMILAR AMIDES 


Maximal 
Pentylenetetrazol Strychnine| electro- 
shock 
L.D.60, |M.A.D., r=] Weighted 
aes gm./kg.| “G Eee ” & | % - total 
= |s2|28| | 2). | eles 
ee Wilton | Q Ou ae |S lea 
AErOla tall Ge iveielnene nnn: 1S OL ZS is St 6 1.6 O29) Io 6n 4S Der 
Orthomethyl atrolactam- | | 
i (3 (se ee Mn ae Eee Pt DEO O25) ely aio S| 9 weal 1.6) 1.6] 4--| — | 13.2 


Considering all factors, the orthomethyl derivative has a higher weighted 
index and is probably a better anticonvulsant in mice than atrolactamide and, 
therefore, merits chronic-toxicity testing in mice or rats in anticipation of 
clinical trials. This view is further fortified by the greater therapeutic index 
(L.D.50/M.A.D.50) of the orthomethyl derivative. Such a decision must be 
tempered, however, by the fact that clinical studies on atrolactamide had been 
discontinued when trials in 471 epileptic patients showed an incidence of 14 
per cent neutropenia and an incidence of 2 per cent severe but reversible bone 
marrow depression. The above rating method is understandable to the organic 
chemist and includes more of the pertinent pharmacological observations than 
does the protective index that is simply the M.A.D.0/E.D.50 for a given test." 
The above data required approximately 90 mice per compound, whereas similar 
data by other test methods would require at least 10 mice. 


Clinical Testing 


Cautious clinical trials can be started as soon as the histological studies are 
completed on the animals from a 3- to 4-week study of subacute toxicity in 
the mouse or the growing rat. Clinical trials should be started in hospitalized 
rather than ambulatory patients. Our mental institutions give custodial care 
to many epileptic patients who were uncontrollable by the medications in use 
at the time of their commitment! The incidence of seizures on a fixed dose of 
phenobarbital and/or diphenylhydantoin should be accurately charted for at 
least a 1-month period to serve as a base line. The new drug is then added to 
the previous therapy in a small dose that is increased at weekly intervals. 
Weekly blood counts, urinalyses, and liver-function tests are required. As 
weekly dosage is increased, 1 patient should be selected as a “pioneer’”’ for 
faster increment in dosage so that the chance of untoward side action is limited 
to a single individual who can then receive, if necessary, 24-hour nursing care 
and the undivided attention of the medical staff. In our experience, these 
reactions are not limited to the skin or bone marrow, but may take the form 


of hallucinations with psychotic behavior, severe cerebellar ataxia, or decere- 
brate rigidity.” 
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If the candidate drug controls seizures in a group of 5 or 6 patients for 2 to 
3 months and has no discernible side actions, the more prolonged chronic 
toxicity tests can be started in dogs or monkeys to ascertain the effect of pro- 
longed subacute chronic toxicity in these species. When these additional data 
become available and one has 3 to 6 months’ trial of the new drug in 10 or 
more hospitalized patients, cautious trials can begin on clinic outpatients. 

The trial in hospitalized patients should be designed to determine the effects 
of maximal dosage and the effectiveness of the new drug against grand mal and 
psychomotor seizures. The effectiveness of the drug against childhood petit 
mal is more difficult to determine since these patients are too young to be 
institutionalized. If a drug shows strong antipentylenetetrazol action, how- 
ever, the preliminary trials in adult epileptics will establish the potential toxic- 
ity of the compound and its margin of safety. One can then proceed more 
boldly in the trial of the compound in clinic cases of childhood petit mal epilepsy. 

If a compound has a high ratio only against pentylenetetrazol, then it must 
be considered as a candidate to displace trimethadione in the treatment of 
petit mal epilepsy. EERL-286 (TABLE 1) 2 exomethyl bicyclo-(2,2,1)-5-heptone- 
2-carbonyl urea is such a possible compound. 

If a compound has a high protective index against strychnine, then further 
tests should be made comparing it to mephenesin and meprobamate on direct 
and crossed-extensor reflexes of the cat or in the Lloyd preparation in order to 
determine its comparative duration of action on internuncial neurones. Atro- 
lactamide depresses internuncial neurones and is effective in psychomotor and 
grand mal seizures. Thus any long-acting compound of this type may be as 
useful in epilepsy as it is in the treatment of problems such as nervousness. 
Both atrolactamide and meprobamate increase the incidence of minor seizures 
in patients with mixed types of epilepsy, so that one doubts that many peli 
mal epileptics can be benefited by internuncial depressants. Drugs that show 
antistrychnine activity can be tested in the various alcoholic-treatment centers. 
These drugs are effective in the control of the coarse tremors that occur with 
and without abstinence in the alcoholic. With suitable recording devices the 
tremors can be recorded graphically and an objective study of the duration of 
drug action can be obtained. 

Many epileptic patients have mixed types of epilepsy or the potentiality for 
other types. Therapy of grand mal epilepsy with diphenylhydantoin or pheno- 
barbital may elicit minor seizures or may increase the incidence of minor seiz- 
ures in patients with mixed epilepsy. Therapy of grand mal seizures with 
bromides may elicit psychomotor seizures or increase their incidence in a 
patient with mixed epilepsy. Stimulant drugs such as caffeine, d-amphetamine, 
meratran, rescinnamine, or the stimulant antimalarial drugs may effectively 
overcome this depressant phenomenon.? Reserpine and antimalarial drugs, 
such as sontochin, must be used cautiously, since they are cumulative stimu- 
lants and may cause grand mal seizures or status epilepticus on the fourth or 
seventh day of therapy. 7 ; 

Therapy of petit mal seizures with trimethadione may elicit grand mal seizures 
or, in a patient with mixed epilepsy, the incidence of grand mal seizures may 
be increased (FIGURE 2). Interneurone depressants such as atrolactamide or 
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Ficure 2. Diagrammatic representation of changes in seizure types with various anticonvulsant therapies. 


meprobamate appear to be useful in the treatment of both grand mal and 
psychomotor seizures, but with effective dosage the incidence of petit mal 
seizures may be markedly increased. Phenacemide has a broad anticonvulsant 
spectrum in animal tests and is effective in the treatment of psychomotor, 
petit mal, and grand mal seizures. Patients subject to grand mal and psycho- 
motor seizures, however, may go into a psychotic state with phenacemide 
therapy.'° The psychosis may remit promptly with discontinuation of the 
phenacemide therapy, but occasionally other specific antipsychotic therapy 
must be given. Adult petit mal and akinetic seizures respond to milontin 
therapy,'® '7 which has a broad spectrum of anticonvulsant action in animals. 


Summary 


Methods are described for the testing of anticonvulsant drugs in mice by 


means of electroshock, pentylenetetrazol infusion, strychnine infusion, am- 
monium acetate infusion, and semicarbazide. The rating and significance of 
these tests have been discussed. Antimetrazol drug indices correlate with the 
therapeutic effectiveness in childhood petit mal epilepsy but not in the adult 
pelil mal or pelit mal variant types. High indices against electroshock-induced 
seizures correlate positively with the prevention of clinical grand mal and 
Jacksonian seizures. A broad anticonvulsant spectrum against electroshock, 
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metrozol, and strychnine in animals indicates that the drug may be generally 
effective or specific in the treatment of psychomotor or adult petit mal seizures. 
Drugs that produce a prolonged depression of internuncial neuronal activity 
may be effective in grand mal epilepsy and psychomotor epilepsy, but these are 
apt to increase the frequency of minor seizures. Many CNS stimulants, such 
as caffeine, amphetamine, stimulant antimalarials, and reserpine, will decrease 
the incidence of minor seizures, but in the patient with mixed epilepsy the 
incidence of grand mal seizures may be increased by the use of long-acting 
stimulants. Depressants such as phenobarbital may increase the incidence of 
minor seizures. Carbonic anhydrase inhibitors are effective in childhood petit 
mal epilepsy, but some patients (those on a ketogenic diet) may break through 
the protection after several weeks of therapy. 
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THE EXPERIMENTAL EVALUATION OF 
ANTIPARKINSONIAN COMPOUNDS* 


By Vernon G. Vernier and Klaus R. Unnat 


Department of Pharmacology, University of Illinois College of Medicine, 
Chicago, Ill. 


Introduction 


For many years up to and including the present time, the major-evaluation 
of agents useful in relieving the tremor and other symptoms of Parkinson’s 
syndrome has rested on the empirical testing in patients. Asa final evaluation, 
this therapeutic test is, of course, indispensable, but the many limitations of 
this method have rendered more difficult the rational introduction of newer 
compounds. The use in these clinical studies of newer blind-testing techniques, 
placebo medication, and optimal routes of administration is made difficult by 
the necessity of retaining the patient’s cooperation. The objective measure- 
ment of symptoms is still in its infancy. Consequently, it has not generally 
been possible to obtain dose-response curves for drugs and to apply currently 
available statistical methods. Many recent improvements along these lines, 
however, can be noted. 

The isolated rabbit intestinal-strip preparation has attained widespread 
popularity as a means of testing compounds for peripheral cholinergic blocking 
activity. This bioassay procedure has recently become an important predic- 
tive measure, enabling a slightly more rational selection of compounds for 
therapeutic testing, but a wide gap still exists between the ability to measure 
the potency of an agent for peripheral blockade of the muscarinic effects of 
acetylcholine and the ability to select a drug capable of modifying the activity 
of the extrapyramidal motor nuclei. 

Although the role of damage to the extrapyramidal system as a causative 
factor in Parkinson’s disease has been known for some time, the evaluation of 
antiparkinsonian drugs in animals with hyperkinesia is of relatively recent 
origin. Several widely varying types of hyperkinesia in animal preparations 
have been used, including those acutely drug-induced, longer-lasting “bio- 
chemical lesions,” and surgically produced lesions of chronic persistence. 
Drawing upon older but incomplete knowledge of the actions of nicotine, Bovet 
and Longo! attempted to correlate antagonistic effects of compounds to nico- 
tine-induced tremor and convulsions in the rabbit with human antitremor activ- 
ity. They tested atropine and found it lacking in protection, but a variety of 
agents, including several phenothiazines, showed evidences of nicotine an- 
tagonism. ‘The interpretation of these data remains obscure, and the technique 
must be considered of doubtful predictive value until more is known concerning 
the site or sites of action of nicotine in the central nervous system. 

Early studies with diisopropyl fluorophosphate (DFP) described generalized 
Health Service, Bepartnen oi Hegitnkasestion mal Welle eee eae Institutes of Health, Public 

ss: Fhysiology Department, Merck Institute for Therapeutic Research, West Point, Pa. 
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convulsions and changes in the electroencephalogram following its adminis- 
tration by several routes in different species.2. Freedman and Himwich’ re- 
ported that DFP, in slightly lower doses, injected into the carotid caused, in 
the rabbit, a peculiar persistent circling or ‘‘adversive” behavior that was 
blocked by atropine. This compulsive circling was noted also in the cat and 
the monkey.* In the latter species, scopolamine was from 3 to 5 times more 
potent than atropine in blocking this activity. Other compounds have 
been reported capable of similarly blocking or preventing forced circling, 
and the results obtained from employing this technique have been suggested 
as bearing on the problem of therapy for Parkinson’s disease. 

Jenkner and Ward? have found fast oscillatory limb movements resembling 
tremor following stimulation of the brainstem reticular formation of the anes- 
thetized monkey. Folkerts and Spiegel® noted some tremorlike movements on 
stimulation of the brainstem of the cat. Jenkner and Ward® have attempted 
assay of antitremor compounds using this preparation, and found that scopola- 
mine, diethazine, amyl nitrite, and a few quaternary ammonium derivatives of 
phenothiazine depressed this tremorlike activity in the monkey. 

In 1948, Ward, Magoun, and McCulloch’ described the appearance of 
postural tremor in monkeys having brainstem lesions. Peterson, Magoun, 
McCulloch, and Lindsley* recorded tremor in several more animals, and they 
characterized in more detail the fruitful area for tremor lesions in the brain- 
stem reticular formation. Carpenter, Whittier, and Mettler,® in the course of 
correlating neurological signs of choreoathetosis and ballism with diencephalic 
lesions, noted 2 monkeys with postural tremor and lesions in the region of the 
subthalamic nucleus of Luys. In the same series of studies!® these workers 
found that mephenesin in nonsedative doses did not modify the choreoid hyper- 
kinesia in 3 other monkeys. 


Methods 


The methods used in this work are presented in detail elsewhere." In brief, 
small bilateral electrolytic lesions were placed in the midbrain reticular forma- 
tion and posterior subthalamus of Macaca mulatta with the stereotaxic instru- 
ment. FicurE 1 shows a Nissl-stained section of the subthalamus of a tremor 
monkey. The section was cut in the frontal plane 8 mm. anterior to the inter- 
aural plane, and it reveals nearly complete destruction of the posterior poles 
of the laterally lying subthalamic nuclei, a destruction resulting in tremor. 
This lesion was fairly typical of those in the subthalamus that caused tremor. 
Neurological studies, including motion pictures, were carried out on these 
animals over extended periods, and a significant number of animals developed 
severe postural tremor. This tremor often occurred bilaterally, in both upper 
and lower extremities, and sometimes involved the neck muscles but rarely 
affected the trunk. The measurements of tremor at rest were made by ob- 
serving the motion of the extremities of the monkey while the animal was 
seated in a restraining chair with a headholder as pictured in FIGURE he This 
arrangement permitted free development of tremor in any extremity, which 
was registered by means of a cumulative stop watch over periods of 60 seconds 
during alternate minutes continually throughout each experiment. In order 
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FicurE 2. Tremor monkey S40 seated in the restraining chair with headholder, which allows free movement 
of the extremities and head. 


to obtain reproducible tremor readings, moderate proprioceptive stimuli (ex- 
tensions of the leg) were given twice a minute to focus attention and maximize 
tremor. Two stop watches were used for timing tremor. One stop watch 
marked the minute-measuring interval and the other recorded cumulatively the 
per cent of tremor occurring during the minute. From the plots of these read- 
ings, the intensity of the effect of the drug, the duration of the effect, and the 
total effect of the drug were derived. The intensity of tremor suppression was 
calculated as the per cent decrease of the mean of the 3 lowest values after the 
drug administration from the mean of the 5 tremor readings immediately before 
the drug was injected (the tremor control average). The duration of drug ef- 
fect was measured in minutes from the injection until 3 successive readings 
equaled or exceeded the tremor control average after the drug-induced decrease 
in tremor values. The total drug effect was expressed as the area in square 
inches included between the tremor control average line and the drug-altered 


694 Annals New York Academy of Sciences 


readings plotted, with 1 per cent equal to 1 mm. and 1 minute equal to 2 mm., 
and measured with a polar planimeter. Increases in tremor also were measured 
in this last manner. Skeletal muscular rigidity was observed during the ex- 
periments, but our attempts to quantitate it failed. Frequent estimates were 
made of the degree of alertness: the pupils were measured, the light reflex tested, 
and other indicators of autonomic nervous activity were observed for changes. 
The experiments were performed under blind-testing conditions, and all 
agents were administered intramuscularly. The sterile solutions of compounds 
were made up with 0.9 per cent NaCl with a constant volume (0.2 cc.) injected 
per kilogram of body weight. The drugs studied included scopolamine hydro- 
bromide, atropine sulfate, trihexyphenidyl hydrochloride, caramiphen hydro- 
chloride, sodium pentobarbital, diphenhydramine hydrochloride, /-hyoscya- 
mine sulfate, scopolamine methyliodide, scopolamine butylbromide, atropine 
methylbromide, atropine methylnitrate, physostigmine sulfate (eserine sulfate), 
neostigmine bromide, d/-amphetamine sulfate, pentylenetetrazol, nicotine sul- 
fate, /-phenylephrine hydrochloride, /-ephedrine hydrochloride, /-epinephrine 
hydrochloride, apomorphine hydrochloride, and sodium chloride. 


Results 


(1) Controls. Control studies demonstrated that simultaneous readings by 2 
independent observers usually yielded agreement within 1 per cent for indi- 
vidual tremor readings. In a given tremor monkey, these values tended to re- 
main within a characteristic range for many hours during a single day. The 
day-to-day variability was least with animals showing the most severe tremor. 
These monkeys are most suitable for the testing of agents that decrease tremor. 
Sodium chloride (0.9 per cent) injections did not significantly alter tremor 
readings from these control values in any tremor monkey tested. The generally 
similar sensitivity and responsiveness to stimuli and limited variation of daily 
control tremor averages were characteristics common to all the tremor monkeys 
tested, rendering some comparisons of drug results between animals possible. 
The most reliable comparisons, however, were those of extended assays per- 
formed on single animals. 

(2) Antiparkinsonian agents. Several drugs were found to diminish markedly 
postural tremor in monkeys, and an assay of the potency of these drugs was 
performed in the same animal. Scopolamine was the most potent agent, and 
atropine, trihexyphenidyl, caramiphen, pentobarbital, and diphenhydramine 
followed in that order. Tasxr 1 gives the dose of the compounds that caused 
50 per cent diminution of tremor from the control values as determined from 
the calculated regression lines of the dose-response curves. 

These doses were derived from response curves such as the curve illustrated 
in FIGURE 3, which represents the superimposed plots of 3 experiments with 
trihexyphenidyl. Curve A represents the effect following a dose of 0.25 
mg./kg.; curve B, after 0.375 mg./kg.; and curve C represents the change in 
tremor levels after 0.5 mg./kg. The intensity of tremor suppression and the 
duration of this effect increased with dose. Return to control tremor readings 
occurred in about 5 hours with the highest dose. Further, the area enclosed by 
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Ficure 3. Effect of trihexyphenidyl on tremor measurements of tremor monkey S18. Curve A followed 
0.25 mg./kg. given intramuscularly at arrow; curve B after 0.375 mg./kg.; and curveC after 0.5 mg./kg. Ordinate 
represents per cent of each successive 60-second period during which tremor was observed in any extremity. 
Upper horizontal base line (interrupted dashes) represents control tremor averages (97.4 per cent and 97.7 per 
cent) for the occasions of doses A and B, and lower continuous baseline is tremor control average (94.1 per cent) 
fordose C. Note prolonged effect of highest dose in series. 


the base line and the drug-influenced tremor curve increased with dose, bearing 
a relation to the total drug effect. There was also a tendency for higher doses 
to exert their effects sooner. 

The dose-response curves for intensity versus log dose are steep for all the 
agents listed in TABLE 1. The calculated regression lines, within the limits of 
the data, have a common slope. In contrast, when log duration was plotted 
against log dose, the lines for the first 4 agents were reasonably parallel, but 
for the last 2 were flatter. 

Ficure 4, showing a graph of log area and log dose, emphasizes the group- 
ing of the dose-response curves for total drug effect. Again, pentobarbital and 
diphenhydramine appear flatter, reflecting their rather brief duration of action 


TABLE 1 


MeEpDIAN EFFECTIVE Doses Causinc 50 PER CeNT DEPRESSION OF 
TREMOR FROM CONTROL AVERAGES IN MONKEY S18 


Drug Median effective dose, mg./kg. 
RCO DO ANTI C semi ilar actus in pee ne ess 0.015 
BREIO Pile Mase em rites tee Akay ces orate 4 4 4 itlate Be winicerereie out 0.165 
 NeilnGeauppankul 4) oo ke ana > ORG: Geer CO MmiEn tim Dnt 0.444 
(CRininy piven fe ete 3m Se Py or eed oe sep Ire Oca 0. 570 
Gra @ ORTHO, fo cy eeld bec OC Eso ale keene pce Doon 1.432 
Diphenhydramine: 45.4.2. siac ce eleene esse rene cee ene 2.566 
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Ficure 4. Dose response curves for total drug effect of antiparkinsonian and other agents on tremor monkey 
$18. Log dose versus log effect (area included under drug-altered tremor curve). 


as compared with the much longer-lasting effect of scopolamine, atropine, 
trihexyphenidyl, and even of caramiphen at doses causing similar intensities 
of tremor depression. Thus it is possible to separate the potency or ability 
to cause depression of tremor occurrence of th 

effectiveness in eliciting long duration of effect. 

Certain other compounds were tested at fewer dose levels and under less 
favorable conditions but, even so, some statements concerning the effects of 
these drugs on tremor are justified. Apomorphine was considerably more 
potent than atropine in causing a temporary decline in the amount of tremor, 


but this effect was much shorter for equipotent doses, resembling that of di- 
phenhydramine in this respect. 


ese 6 compounds from their 


The compound /-hyoscyamine sulfate was 
apparently indistinguishable in potency, duration, and total drug effect from 
the racemic compound atropine. The sample of the d-hyoscyamine isomer 
gave an improper optical rotation, and it yielded equivocal results. 

The quaternary ammonium derivatives of scopolamine and atropine investi- 
gated were found to lack capacity to antagonize tremor at the doses tested. 
The doses of scopolamine methyliodide, scopolamine butylbromide, atropine 


methylbromide, and atropine methylnitrate at which no antitremor activity 


could be detected exceeded the effective doses of their tertiary congeners by 
more than 10 to 20 times. In terms of the peripheral anticholinergic effects, 
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the quaternary derivatives were roughly equipotent compared with their 
respective tertiary congeners. 

In addition to their influence on the occurrence of tremor, most of the agents 
investigated exerted some effects on the alertness of the monkeys, and many 
doses manifested peripheral autonomic changes. Al the effective compounds 
shown in FIGURE 4 caused some apparent decline in wakefulness at most of the 
doses that suppressed tremor. This decline was manifested by more frequent 
and longer periods during which the monkey under test remained quiescent, 
but not completely relaxed, with its eyes closed. The animal readily responded 
after arousal, but it was definitely less responsive and more apathetic than in 
control periods. It is difficult to characterize this state more precisely than 
as “‘sleep,” “‘depression,” or “‘tranquillity.” Though we did not attempt it 
at the time, there is the possibility that the depth, temporal frequency, and 
persistence of this condition could be measured quantitatively by using refined 
techniques utilizing electroencephalograms and continual measurement with 
stop watches. The periods of depression often were interspersed with shorter 
intervals of apparent struggling to escape from the chair and, sometimes, by 
vocalization. These more active phases occurred with greater frequency im- 
mediately after the intramuscular injections, and they also followed the periods 
of apparent sleep. 

The peripheral drug effects included some pupillary dilatation at lowest 
doses of the anticholinergic agents and progressive increase in effect with dose. 
When a maximal pupil effect was reached, the light reflex was impaired or 
abolished. Most doses of agents that suppressed tremor also caused pupillary 
changes. Pentobarbital and caramiphen exerted comparatively weak pupil- 
lary effects. The quaternary ammonium derivatives of scopolamine and 
atropine were without effect on tremor at doses that caused maximal dilatation 
of the pupil and impairment of the light reflex, and they caused no apparent 
change in alertness at any dose tested. 

(3) Stimulant compounds. It was possible to increase the occurrence of 
tremor with several agents. This effect is illustrated in FIGURE 5, which shows 
the increasing intensity and duration of this augmentation of tremor under 
the influence of pentylenetetrazol. In order to demonstrate this rise in tremor 
readings, monkeys with low control averages were tested with stimulant 
agents. The increase in tremor, as measured by total drug effect (area under 
the tremor curve) was related to the control tremor levels. That is, higher 
tremor levels yielded larger effects after stimulant drugs, and low tremor levels 
were only influenced with difficulty by higher doses. Thus there is a lower 
limit of tremor useful for drug assay, and the higher levels are also subject to 
other limitations with stimulants to be discussed later. 

Eserine was effective at the lowest doses, while di-amphetamine required 
12 times this dose, and pentylenetetrazol was effective at approximately 280 
times the eserine dose. Several other agents were tried with limited success 
in increasing tremor. Ephedrine showed a moderate and orderly dose-effect 
progression. Phenylephrine produced little or no increase in tremor at the 
doses tried. Nicotine had some influence upward on tremor levels, but the 
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FicurE 5. Effect of pentylenetetrazole on the tremor of monkey S18. 


variability of the effect places reservations on the interpretation. The few 
experiments with epinephrine administered intramuscularly at high doses did 
not yield the expected increase in tremor. 

Neostigmine did not cause increase in tremor readings at the highest doses 
that were considered safe. In fact, signs of respiratory difficulty, including 
moist rales and some cyanosis, and marked secretory and gastrointestinal 
activity were encountered on several occasions without any upward change in 
the tremor levels. 

The agents that increased tremor also appeared to cause simultaneous in- 
creases in alertness, excitement, hyperreactivity, spontaneous vocalization, and 
repeated masticatory movements. Eserine and neostigmine caused pilomotor 
activity and local muscular fasciculations that caused skin movement, but 
apparently no increase in movements of joints. Neostigmine did not cause 
any increased alertness, excitement, or hyperreactivity. 

During the increase in tremor resulting from eserine particularly, and also 
from other compounds, atropine remained effective in reducing tremor levels 
in much the same manner as it did in a tremor monkey with a spontaneous 
control tremor average equally as high. Under the same conditions, atropine 


methylbromide at the same dose level was incapable of reducing the tremor 
levels. 


Discussion 


_ UZ) Critique of method. The technique of assaying antiparkinsonian agents 
in monkeys with chronic tremor induced by brainstem lesions has several 
advantages over methods previously proposed for this purpose. It is based on 
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the production of a symptomatic disease state in animals that in many aspects 
closely resembles the syndrome in patients first described by James Parkinson 
in 1817. This method of using tremor monkeys offers a great deal of control 
over the experimental situation not available with clinic or hospitalized pa- 
tients. The emotional effects of the therapeutic regime are minimized, and 
placebos are easily employed since it is not necessary to rely upon therapeutic 
benefit to guarantee the subject’s return visits. 

With this method it is possible to establish dose-response relations for agents 
that diminish tremor. The intensity, duration of effect, and total drug effects 
of these agents (area under the curve) have been measured and shown to be 
linear, within limits. Agents that increase tremor can also be assayed, and 
antagonistic drug effects on tremor can be studied. All these results hinge 
upon an objective measurement of tremor, a method that, though rather sim- 
ply done with stop watches, involves a degree of tedium. It should be empha- 
sized that the method accounts only for the over-all temporal occurrence of 
tremor. The method does not measure amplitude or frequency changes, nor 
does it specify the pattern changes in cases of generalized tremor. 

With this method, furthermore, rigidity as yet cannot be assessed quantita- 
tively. An impression of the amount of rigidity present can be gained from 
limb manipulation during testing, but this procedure varies in time greatly 
with each monkey and within the tremor-monkey population. Some informa- 
tion concerning the relation of drugs to rigidity has been gained, however. 
FIGURE 6 shows an apparent decrease in tremor on 2 occasions with stimulant 
compounds. During the depression of the tremor values the monkey was noted 
to offer definitely greater resistance to passive movement of the tremor-in- 
volved extremities than in the control period. This rigidity seemed to occur 
between 2 periods of transient tremor increase. The impression was gained 
that the tremor was increased rapidly to the maximum extent of which the 
monkey was capable, and was then fused into a continuous burst of innervation 
that was detected as rigidity. At the end of the experiment, the reverse se- 
quence occurred. The possibility that rigidity represents a severe terminal 
state of progressive tremor has been advanced by Wilson” and others. 

Some limitations of the method reside in the cost, and in the fact that in the 
past it has been necessary to operate on several monkeys in order to obtain a 
single tremor monkey. It is also nearly impossible, at present, to measure 
simultaneously the concomitant central-nervous-system depression caused by 
effective antitremor agents. Ideally it would be desirable to find compounds 
that retain high potency for tremor suppression, but that cause neither drowsi- 
ness nor peripheral anticholinergic effects. This effort has not yet been success- 
ful, inasmuch as the 2 central-nervous-system effects are linked by having, at 
least partially in common, essentially the same anatomical site of action. 
Whether there is a physiological distinction or there are differences in detail is 
not known at present. Rinaldi and Himwich"* have suggested that the slow- 
ing of the spontaneous EEG activity, the blockade of activation from periph- 
eral stimuli and direct reticular-formation stimulation in rabbits might be used 
to examine prospective compounds for antiparkinsonian usefulness. It would 
seem more ideal, therapeutically, to hope that antitremor agents would not 
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cause depression of consciousness, at least at useful doses, particularly since 
the compounds that are potent in this latter respect, namely, barbiturates, are 
frequently contraindicated in Parkinson’s disease. 

(2) Implications of results. The most important conclusion to be drawn 
from the results of testing effects of drugs on tremor monkeys relates to site of 
action, It is clear that the method tests the central-nervous-system effects of 
antitremor agents since, when tremor has been suppressed or abolished, the 
monkeys retain normal voluntary muscular control and coordination. This 
phenomenon would argue against a peripheral site of action at the neuromuscu- 
lar junction, as with curare. Another strong indication of central-nervous- 
system action is the absence of effect of the quaternary ammonium derivatives 
on either alertness or tremor, both of which are presumably centrally mediated. 
The quaternary ammonium compounds frequently showed strong effects on 
peripheral autonomic components, and Luduena and Lands,'* among other 
workers,'* have shown these compounds to be of equal or greater effect periph- 
erally, compared with the tertiary congeners, but to be devoid of activity on 
centrally mediated functions such as the excitement seen in several species. 
A similar differential effect is seen with the tertiary and quaternary ammonium 
forms of many alkaloids, of which morphine and strychnine are examples, with 
familiar central effects shown only by the tertiary compound, with the qua- 
ternary exerting strong effects only at the periphery. In this study, eserine 
clearly caused central effects, as witnessed by both the increased alertness and 
tremor, while neostigmine caused neither of these changes, but both agents 
evoked peripheral fasciculation. 

The situation concerning site of action is not as clear when other methods for 
antiparkinsonian assay are considered. With the technique of Bovet and 
Longo,! the problem resides in the as-yet-obscure nature of the site or sites of 
action of nicotine in causing convulsions and tremors. The sites of action of 
nicotine are known to be multiple, and which of these are involved in this test 
and the drug antagonisms uncovered by them are as yet unclarified. 

In evaluating their own method, Jenkner and Ward? state that ‘the move- 
ments elicited by electrical stimulation of the bulbar reticular formation thus 
represent only crude approximations of the static tremor seen in paralysis 
agitans.” Most of their studies of drugs were done under anesthesia while 
testing a functional system probably concerned also with the maintenance of 
consciousness. Certain dissimilarities between their results and clinical experi- 
ence remain to be explained and refinements added before this technique could 
be adopted as a predictive tool. It is not clear whether some of the compounds 
that abolished the hyperkinesia in these experiments would completely spare 
voluntary motor control in the absence of anesthesia. The effectiveness of 
quaternary ammonium compounds suggests an additional peripheral site of 
action at the neuromuscular junction or an effect on blood pressure. 

The above authors® suggested in their paper that partial deafferentation of 
certain brainstem areas, together with local hypersensitivity to endogenous 
acetylcholine, may play a causative role in Parkinson’s syndrome. Evidence 
for the role of a cholinergic mechanism is increasing. The results reported 
here tend to support this possibility. Centrally acting anticholinergic com- 
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TABLE 2 


APPROXIMATE ORAL DOSES FOR THE TREATMENT OF 
TREMOR AND RIGIDITY IN PARKINSON’S DISEASE 


Individual dose* 
Drug 
mg./kg. mg 

Seo melbimies cans gharobaocodaacsadmeuetadyose 0. to % a 
I Mage OIN eo monk oauuboToboono acca dacteud Ee 0.0 ; a 
Benzo tropine scp ee eee es treo eee 0.01 oe 
Mrihexyp hemi diver: etkeetere ste risa ar oe 0.033 a, 
(@ycrimine yee y--ye sere eet eter tee ee 0.033 sae 
Garamiphernncpe amine atte piste ates keer 0.208 yas 
[DrjalarsalenyGhrabeowbMe yop pacaote or ecn eee etcoan: 0.834 50.0 
TGV SIVAN seewcver aetna teen aaa ee tae eeor 1.666 100.0 
Diethaziney..% OF. oo eed ves ate ieee ais 8.333 a 0 
IMephenesintien., chide. o er aia rere ioe 33.000 2000.0 


* These represent the arbitrary mean of a wide range of useful dosage and have been calculated on the 
basis of a 60-kg. patient.16, 17 With several exceptions, the individual dose was given 3 times a day. 
pounds were demonstrated to depress tremor, and a cholinergic agent was shown 
to increase tremor, the former drug antagonizing the effect of the latter. The 
data on DFP-induced circling behavior* also support this possibility, though 
the technique may be limited in value for the prediction of therapeutic effective- 
ness of new drugs by the described inherent variability. 

(3) Correlation with clinical experience. Results from the tremor-monkey 
assay of drugs appear to have the highest degree of qualitative agreement with 
clinical testing experience of antiparkinsonian compounds. The 2 bodies of 
data even show better quantitative accord than would have been expected. 
In both areas, scopolamine was distinguished as the most potent and effective 
agent. Further general agreement is shown by the placing of atropine next 
in potency in the monkey assay and, possibly, in clinical antitremor efficiency 
as well. Both trihexyphenidyl and diphenhydramine are reputedly as effec- 
tive in the clinic as they are in suppressing monkey tremor. The order of 
potency as measured by clinical dosage is shown in TABLE 2. These figures, 
though representing a rather arbitrary selection of values drawn from the 
literature,'® 7 can be roughly compared with TABLE 1, provided that several 
important reservations are kept in mind. The various forms of Parkinson’s 
disease differ markedly in their requirements of drugs for control. Further 
dosage variations stem from duration of the disease, drug tolerance, age groups, 
body weights, and routes and frequencies of administration, Probably the 
somewhat greater clinical efficiency, as reflected by the lower doses shown in 


TABLE 2, results from cumulative effects of repeated doses of relatively long- 
acting compounds. 


Summary 


The methods proposed for assay of prospective antiparkinsonian agents have 
been reviewed briefly. Chronic postural tremor, resembling that of Parkin- 
son’s disease, has been produced in Macaca mulatla by electrolytic lesions in the 


upper brainstem. Most likely sites are centered in the midbrain reticular 
formation and posterior subthalamus. 
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An objective quantitative measure of this tremor has been developed. It is 
an observational method employing stop watches. This method has permitted 
drug evaluation under blind testing conditions with determinations of potency, 
duration of action, and total drug effects of antiparkinsonian agents. 

The following was the order of tremor-suppressing potency: scopolamine, 
atropine, trihexyphenidyl, caramiphen, pentobarbital, and diphenhydramine. 
Scopolamine was more than 10 times as potent as atropine which, in turn, 
was more than twice as potent as trihexyphenidyl, the others trailing. The 
last 2 agents in order of potency, pentobarbital and diphenhydramine, were of 
comparatively shorter duration of action than the first 4 longer-acting com- 
pounds. 

Other compounds that diminished tremor were apomorphine and /-hyoscya- 
mine. Quaternary derivatives of scopolamine and atropine caused no change 
in tremor. 

Eserine, amphetamine, and pentylenetetrazol caused increases in tremor in 
that order of potency. Neostigmine did not increase tremor. The increase 
of tremor caused by eserine was antagonized by atropine but not by atropine 
methyl bromide. 

All agents that suppressed tremor caused some decrease of alertness and 
peripheral autonomic effects. Drugs that increased tremor also increased 
alertness. Eserine and neostigmine caused muscular fasciculations. Eserine 
and amphetamine appeared to cause increased rigidity. 

The tremor-monkey assay method was evaluated and compared with others. 
This method possesses several important advantages. It tests the central- 
nervous-system effects of drugs that modify tremor and distinguishes them from 
peripheral autonomic effects. The results obtained from this method show a 
high positive correlation with information obtained from clinical therapeutic 
experience with Parkinson’s disease. 
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THE CORRELATION BETWEEN ANIMAL TESTING PROCEDURES 
AND CLINICAL EFFECTIVENESS OF CENTRALLY ACTING 
MUSCLE RELAXANTS OF THE MEPHENESIN TYPE* 


By Edward F. Domino 


Depariment of Pharmacology, University of Michigan Medical School, 
Ann Arbor, Mich. 


Since Berger and Bradley (1946) described the unique skeletal-muscle re- 
laxant properties of mephenesin, this agent has been used in the symptomatic 
treatment of a heterogeneous group of human ailments. These include such 
conditions as skeletal muscle spasm of rheumatoid (Smith, R. T., 1949; Jacque- 
line, 1950; Hermann and Smith, 1951) or traumatic origin (Schlesinger and 
Stinchfield, 1951; Mead, 1951), certain psychiatric disturbances (Schlan and 
Unna, 1949; Dixon ef al., 1950; Herman and Effron, 1951), tetanus (Torrens 
et al., 1948; Godman, 1951; Boles and Smith, 1951; Biehl and Helm, 1951), 
and various neurological hyperkinetic states (Stephen and Chandy, 1947; 
Berger and Schwartz, 1948; Schlesinger ef al., 1948; Effron and Schultz, 1951; 
Libet and Rubin, 1952). Although reports have appeared on the ineffective- 
ness of mephenesin in some of these conditions, it is agreed generally that this 
drug is of some value in patients with skeletal-muscle hypertonus and symp- 
toms of spasm or spasticity. 

The unique skeletal-muscle relaxant properties of mephenesin are thought 
to be due to its depressant action on certain polysynaptic pathways principally 
in the spinal cord (Berger, 1947, 1949a; Henneman ef al., 1949; Smith, W. K. 
et al., 1949; Traverner, 1952). This view does not take into account the ob- 
servations that mephenesin also depresses certain polysynaptic arcs at supra- 
spinal levels. The linguomandibular reflex mediated over intercalated neurons 
of the lower brainstem is depressed by this agent (King and Unna, 1954). 
Conduction of strychnine-induced activity from the motor cortex to the pyra- 
mids is prevented by mephenesin (Finkelman and Dobin, 1949). The poly- 
synaptic circuits of the thalamo-cortico-thalamic system (Kaada, 1950; King, 
1954, 1956; Domino, 1955) and the cerebellum (Kaada, 1950; Goldman and 
Snider, 1955) also are depressed by this agent. It is to be emphasized that 
mephenesin does not depress all polysynaptic pathways in the central nervous 
system. The polysynaptic arcs involved in the activating system, for example, 
are unaffected (King, 1954, 1956) unless overwhelming toxic doses are given 
(Domino, 1955). 

Mephenesin does not necessarily produce skeletal muscle relaxation as a re- 
sult of depressing neuronal transmission only in polysynaptic arcs. Recently 
this agent in relatively small doses has been shown to affect certain types of 
transmission in various monosynaptic arcs (Latimer, 1955). 

The short duration of action and low order of potency of mephenesin when 
given orally have prompted an intensive search for more effective agents in the 
last ten years. Many different chemicals have been screened for mephenesin- 
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like activity by many different investigators. As a result of animal screen- 
ing methods several substances have been found that have been or are pres- 
ently being evaluated clinically inman. This paper will attempt to review the 
animal screening techniques that have been used generally and will present a 
summary of the results of clinical trials with some of the newer compounds. * 
An attempt will be made to discuss critically the correlation between clinical 
effectiveness and the adequacy of animal testing procedures that have been 
used in the light of present-day concepts of the pathophysiology of spasticity 
in man. 


ANIMAL-TESTING PROCEDURES 
Initial Screening Methods 


Physical examination of intact animals. Organic chemists can provide us 
with hundreds of thousands of chemicals, some of which are potentially useful 
therapeutic agents in man. Pharmacologists have the unique privilege and 
important function of developing accurate screening methods to find potential 
drugs. Fortunately, by careful physical examination of various laboratory 
animals, centrally acting muscle relaxants such as mephenesin can be distin- 
guished readily from other types of central nervous system depressants. Ro- 
dents, especially the mouse, rat, and hamster, have been used in the preliminary 
screening because of their small size, ease of handling, availability, and com- 
paratively small cost. The chemicals tested have been given by the oral or 
parenteral route. Because an orally effective agent is desired for use in man, 
the oral route in animals has been preferred, although there is no assurance that 
compounds effective by this route in rodents will be necessarily orally effective 
inman. For example, agents that cause emesis in man may be retained orally 
in rodents, because these animals have poorly developed vomiting mechanisms. 
Also, there are no data available regarding the similarities or differences in 
absorption of chemical substances in man and subhuman forms. In the ab- 
sence of such data, screening for therapeutic agents by oral administration to 
animals is empirical. 

Prior to and after the administration of the test agent, the animal is observed 
for signs of stupor and behavioral changes and is given a careful physical exam- 
ination, Systematic observations of respiratory changes, color of the mucous 
membranes and paws as an index of oxygenation, salivation, ataxia, ability to 
walk a tightrope, ability to hang on an inclined screen, and sensory perception 
are evaluated. Various neurological reflexes mediated over polysynaptic 
arcs, such as the righting reflex and withdrawal reflex, are determined. Good- 
sell el al., 1954, have shown that selective depression of the pinneal reflex, 
relative absence of pawing movements, and abdominal relaxation are additional 
criteria of mephenesinlike activity. These changes, along with the presence 
of an ascending reversible hind-limb weakness (hind drop), paraplegia, loss of 
the righting reflex, good respiratory exchange, and absence of stupor, provide 
presumptive evidence of a central skeletal muscle-relaxant action. Periph- 
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erally acting skeletal-muscle relaxants such as d-tubocurarine are readily dis- 
tinguished from the centrally acting muscle relaxants by the presence of a 
head drop, complete muscle flaccidity, and respiratory embarrassment. 

_ After a preliminary survey of the action of a compound in rodents, its ac- 
tions are determined by similar physical examinations of larger laboratory 
animals such as the rabbit, cat, and dog. Within these species considerable 
variation in response may exist. One class of centrally-acting muscle relaxants, 
the benzazoles, serves to emphasize this point (Domino et al., 1952). 

In a select series of substituted 2-aminobenzothiazoles, the order of potency 
was determined for oral and/or intravenous administration to mice, rabbits, 
and dogs (Domino, 1951). Inasmuch as it is difficult to determine the precise 
potency on the basis of impressions from physical examination and determina- 
tion of the median loss of righting-reflex dose, the data must be regarded as 
approximate. As shown in FIGURE 1, the substituted 2-aminobenzothiazoles 
are arranged in order of potency on oral and intravenous administration to al- 
bino mice, oral administration to albino rabbits, and intravenous administra- 
tion to mongrel dogs. The rank-difference coetficient of correlation was deter- 
mined for the potency of the benzazoles given by the intravenous route in mice 
(column A) versus the oral route in mice (column B) versus the oral route in 
rabbits (column C), and the intravenous route in mice (column A) versus the 
intravenous route in dogs (column D). The calculation was made according 

6Sd? 

n(n? — 1) 
1946). The correlation (rank-difference) of A — B was +0.39, B — C was 
+0.33, and A — D was +0.68. The correlation (mice versus dogs) was 
greatest (+0.68) when the intravenous route was used. This was much 
greater than when the oral and intravenous routes were used in one species 
(mouse), or when the oral route was used in two species. 

All of the substituted 2-aminobenzothiazoles mentioned produced a typical 
pattern of mephenesinlike effects in mice. Rabbits had, in general, a flaccid 
paralysis when given the 5- or 6-methyl or chloro derivatives. The 4-methyl, 
methoxy, or chloro derivatives of 2-aminobenzothiazole tended to produce 
stimulation in the rabbit. In dogs a methyl or chloro group in position 4 or 
7 of 2-aminobenzothiazole also produced signs of central nervous system stim- 
ulation. This was especially true of a chloro group in position 7. A methy] 
or chloro group in position 5 formed a compound with more depressant than 
stimulant properties. In position 6 the methyl] and chloro substitutions formed 
agents with purely depressant effects. It is apparent that considerable varia- 
bility, both qualitatively and quantitatively, exists among subhuman species. 
There is no reason to expect man not to react with similar variability. It is 
surprising that useful agents that act on the central nervous system of man are 
found as frequently as they are on the basis of screening methods using sub- 
human forms. Obviously we probably discard many potentially useful drugs 
simply by choosing the most potent member of a series of compounds tested in 
a limited number of different subhuman species. Until better screening meth- 
ods are developed using species that react in the same way that man does in 


to the formula r, = 1 as given by Spearman (quoted by Snedecor, 


708 Annals New York Academy of Sciences 


=< 


2C-NH, 


le 
R WA 


A B c D 
Mice Mice oral Rabbit oral Dog 
intrayenous intravenous 

4-Cl 4-CH, 6 - CH, 7-Cl 
4 - OCH 7-Cl 6-Cl 4 - CH, 
4-CH, 4 - OCH, ADEGH 4-Cl 
TEI 6-Cl 2 - NH, 4 -CH,CH 
4 - CH,CH 5 = CH. 4-Cl 6-Cl 
5 - CH, 4 - CH,CH, 4 - OCH 6 - CH, 
6 - CH, 6 - CH, Seotel ak 2s 
2 - NH, 2 - NH, 5- Cl 5 = Cl 
6-Cl 4-Cl 5 = CH, 
= Cl SrGl 
Ficure 1. Descending order of potency of some substituted 2-aminobenzothiazoles given by different routes 


to various spec ies (Domino, 1951, and Domino ef al., 1952). 


response to the type of pharmacological agent desired, we shall probably con- 
tinue to discard important compounds. ; 
Screening with anticonvulsant tests. Since mephenesin has anticonvulsant 
actions against strychnine, pentylenetetrazol, and electroshock, these con- 
vulsants have been used in tests with rodents to find more potent analogues. 
Mephenesin is more effective against strychnine convulsions and the tonic 
phase of electroshock than against pentylenetetrazol (Orloff et al., 1949; Unna 
and Kaplan, 1949). Berger (1949a) has summarized the antistrychning effects 
of mephenesin, 2-met thyl, 2-n-amyl-4- hydroxymethyl-1 ,3-dioxolane and benz- 
imidazole, and he has concluded that the antistrychnine effects of these 
drugs do not parallel their ability to depress transmission over some spinal 
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interneurons. This is further substantiated by the known effects of trimetha- 
dione and diphenylhydantoin on polysynaptic transmission in the spinal cord. 
Trimethadione depresses the polysynaptic flexor reflex with little effect on the 
patellar reflex (Goodman ef al., 1946). Thus, if antistrychnine effects parallel 
spinal interneuron depression, one would expect trimethadione to be more 
effective against strychnine and the tonic phase of electroshock than against 
pentylenetetrazol; but this is not true. Similarly, since diphenylhydantoin 
has little effect on the patellar and flexor reflexes (van Harreveld and Feigen, 
1950), it should be less effective against strychnine and the tonic phase of elec- 
troshock. On the contrary, it is very effective against electroshock, and it 
has some antistrychnine effects. 

The substituted 2-aminobenzothiazoles have afforded another opportunity 
to compare anticonvulsant actions (Domino e/ al., 1951) with their known de- 
pressant actions on certain spinal interneurons. Petersen, R., 1952, has shown 
that the substituted 2-aminobenzothiazoles were effective in abolishing strych- 
nine and electrically induced seizures according to the following position of 
substitution 6 > 5 > 4 or 7. Funderburk ef al., 1953a, reported that the 
4- or 7-position-substituted 2-aminobenzothiazoles were the most potent as 
spinal interneuron depressants. These investigators have emphasized that 
while the predominant actions of these compounds were on spinal interneurons, 
the 4- and 7-position compounds produced stimulation of higher centers while 
the 6-position derivatives did not (Funderburk ef al., 1953b). Within this 
series of compounds it appears that there is better correlation between anti- 
convulsant properties and actions on higher centers than on the spinal cord. 
The conclusion that depression of spinal interneurons and anticonvulsant 
properties are independent seems justified. 


Site of Action Testing Methods 


Action on spinal cord monosynaptic and polysynaplic arcs. Because of their 
convenient size and availability, cats and dogs have been used most frequently 
to obtain data as to the site of action of a test compound. Since mephenesin 
increases the effects of anesthetics such as barbiturates (Berger and Bradley, 
1946; Walker ef al., 1948; Lang ef al., 1951) the use of animal preparations rela- 
tively free of anesthesia is preferred. For acute experiments high spinal prep- 
arations performed under ethyl ether anesthesia have been used frequently. 
High spinal sections in cats are technically simpler to perform than in dogs, 
where hemorrhage may be severe unless great care is taken. When the cord 
is severed under deep anesthesia, spinal shock appears to be minimal. The 
patellar reflex is relatively normal shortly after transection when the ether is 
blown off by artificial respiration. Some degree of spinal shock is present 
(Liddell, 1934) and therefore is another source of variability. Cats after spinal 
transection show considerable variability in the stimulating voltage neces- 
sary to elicit threshold or consistent reproducible responses. The mean blood 
pressure of such preparations even with minimal blood loss during surgery may 
vary from 50 to 90 mm. of mercury (Kissel and Domino, 1956). Presumably 
these variations in mean arterial pressure are the result of varying degrees of, 
spinal shock. Cats and dogs with a chronic spinal condition have been used 
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FricurE 2. Schematic representation of some of the neuronal pathways involved in the sciatic nerve-patellar 
reflex preparation. 


(De Bodo and McC. Brooks, 1937; Wikler, 1950) with the obvious advantages of 
lack of anesthesia and no spinal shock. In such animals sensitization of neu- 
rons by denervation occurs and must be kept in mind in any interpretation of 
drug effects. 

After the animal has been prepared it is placed in a suitable recording appara- 
tus, and the patellar reflex (monosynaptic) and various polysynaptic reflexes 
(flexor, crossed-extensor, Phillipson’s, extensor thrust, and others) are elicited. 
One preparation commonly used determines the action of the test agent on the 
modification of the effects of sciatic nerve stimulation on the patellar reflex. 
The neuronal circuits involved are shown diagrammatically in FIGURE 2. The 
patellar tendon is tapped by means of a mechanical hammer that stretches 
transiently the muscle spindles, causing them to discharge. The elicited re- 
flex of the quadriceps muscle is recorded. This reflex is thought to be mono- 
synaptic (Lloyd, 1944). The effects of stimulation of the contralateral sciatic 
nerve result in facilitation, inhibition, or crossed extension, depending upon the 
electrical parameters, and are mediated over polysynaptic arcs (Lloyd, 1944). 
Stimulation of the ipsilateral sciatic nerve results in an inhibition of the patellar 
reflex. This pathway for reciprocal inhibition has been considered to be mono- 
synaptic (Lloyd, 1944) although recent evidence suggests a possible polysynap- 
tic mechanism (Eccles ef al., 1956). Mephenesinlike agents abolish the effects 
of contralateral sciatic nerve stimulation, but they leave the patellar reflex 
intact. The inhibitory effects of ipsilateral sciatic nerve stimulation are not 
modified. 

By means of electrophysiological techniques the efferent activity of the 
ventral root due to afferent stimulation of the dorsal root can be recorded using 
the classical dorsal root-ventral root preparation (Renshaw, 1940; Lloyd, 
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FicurE 3. Schematic representation of some of the neuronal pathways involved in the dorsal root-ventra 1 
root preparation. 


1941b). This preparation has the advantage of eliminating peripheral afferent 
(muscle spindle) and efferent (neuromuscular junction and skeletal muscle) 
structures, thus obtaining data directly from spinal cord structures. A sche- 
matic diagram of the neuronal circuits involved in this preparation is shown 
in FIGURE 3. Both monosynaptic and polysynaptic arcs are present. An elec- 
trical impulse entering the spinal cord through a dorsal root gives rise to a 
characteristic discharge potential from the ventral root of the same segment 
that can be amplified and seen on an oscilloscope. After a latency of about 1 
msec., a prominent initial spike appears, followed by an irregular elevation of 
about 10 msec. duration. The initial spike represents an impulse traversing 
the monosynaptic arc, and the subsequent irregular potentials represent dis- 
charge across polysynaptic arcs. In appropriate doses, mephenesinlike agents 
reduce the polysynaptic discharge, leaving the monosynaptic potential intact. 

Results obtained from the sciatic nerve-patellar reflex preparation and the 
dorsal-ventral root preparation are complementary. Both methods should 
be used for proper evaluation of a test compound because somewhat different 
information is obtained with each method. As shownin TABLE 1, many central 
nervous system depressants besides mephenesinlike drugs have been reported 
to affect the polysynaptic arcs involved in these spinal reflexes. The dose- 
response curves for depression of monosynaptic and polysynaptic pathways 
with each of these agents probably vary considerably. As yet no systematic 
dose-response curves have been reported with any of these agents. In ap- 
propriate amounts each drug listed in TABLE 1 has been reported to depress 
polysynaptic transmission at a time when monosynaptic transmission is rela- 
tively intact. Ethyl alcohol and procaine in the dorsal-ventral root prepara- 
tion show no selectivity in depressing spinal interneurons, but a low order of 
selectivity can be shown with the flexor reflex-patellar reflex or sciatic nerve- 
patellar reflex preparations. These differences may be due to the fact that the 
flexor or crossed-extensor reflex is elicited electrically at a level closer to thresh- 
old than the mechanically elicited patellar reflex. 
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TABLE 1 
MISCELLANEOUS CENTRAL NERVOUS SysTEM DEPRESSANTS THAT IN SMALL 
Doses Have BEEN REPORTED TO SHOW SOME SELECTIVITY IN 
DEPRESSING CERTAIN SPINAL-CORD INTERNEURONS 


Drug Preparation Reference 
Pentobarbital Flexor reflex—Patellar reflex van Harreveld, 1947 
Dorsal root—Ventral root Funderburk ef al., 195i 
Sciatic nerve—Patellar reflex Domino et al., 1955 
Diallylbarbituric acid | Peripheral afferents—Ventral root Hagbarth & Naess, 1950 
Dorsal root—Peripheral efferents Petersen, I., 1952 ~ 
Chloral hydrate Sciatic nerve—Patellar reflex Chen ef al., 1956 
Chloralurethane Sciatic nerve—Patellar reflex Chen et al., 1956 
Urethane Sciatic nerve—Patellar reflex Kissel & Domino, 1956 
a-Chloralose Sciatic nerve—Patellar reflex Kissel & Domino, 1956 
Ethyl] alcohol Peripheral afferents—Ventral root* | Kolmodin, 1953 
Sciatic nerve—Patellar reflex Kissel! & Domino, 1956 
Morphine and other | Flexor, crossed extensor, Patellar | De Bodo & McC. Brooks, 1937 
narcotic analgesics reflex Wikler, 1950 
Dorsal root—Ventral root Wikler, 1945, 1950 
Takagi et al., 1955 
Flexor reflex—Patellar reflex Cook & Bonnycastle, 1953 
Sciatic nerve—Patellar reflex Kissel & Domino, 1956 
Procaine Dorsal root—Ventral root* Peterson, C. G., 1955 
Flexor reflex—Patellar reflex Peterson, C. G., 1955 
Sciatic nerve—Patellar reflex* Kissel & Domino, 1956 
Trimethadione Flexor reflex—Patellar reflex Goodman ef al., 1946 
Atrolactamide Sciatic nerve—Patellar reflex King, 1953 
King & Unna, 1954 
Panparnit Flexor reflex—Patellar reflex Berger, 1949a 
Apo-f-erythroidine Flexor reflex—Patellar reflex | Sauvage ef al,, 1949 
| Megirian, 1954* 


* No differential sensitivity on monosynaptic and polysynaptic pathways was obtained. 


Although small doses of many central nervous system depressants inhibit 
the polysynaptic crossed-extensor and flexor reflexes without affecting the 
patellar reflex, the over-all actions of these compounds on the central nervous 
system are quite different. Since most neuronal arcs of the nervous system 
are polysynaptic, there must be enormous differences in the sensitivity of these 
agents on most polysynaptic circuits. Many examples of this are known, At 
cord levels the polysynaptic extensor thrust reflex of the chronic spinal dog is 
enhanced by morphine but depressed by mephenesin (Wikler, 1950). At brain- 
stem levels the polysynaptic circuits of the activating system are relatively 
unaffected by mephenesin (King, 1954, 1956; Domino, 1955), but markedly 
depressed by anesthetic agents including pentobarbital (Arduini and Arduini, 
1954; King, 1954; Domino, 1955). Morphine shortens the duration and de- 
creases the frequency of EEG arousal, but does not prevent it (Domino, 1956c). 
On the other hand, mephenesin depresses threshold recruiting responses that 
are mediated over polysynaptic arcs, while pentobarbital in small doses en- 
hances these responses (King, 1954, 1956; Domino, 1955). Obviously what 
distinguishes mephenesinlike compounds from other central nervous depres- 
ih is a so stay the degree of selectivity in depressing crossed-extensor and 
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Depression of the interneurons involved in the flexor or crossed-extensor 
reflexes is not necessarily related to skeletal muscle relaxation. Panparnit is 
an example of an agent that selectively depresses the flexor reflex, but does not 
produce skeletal muscle relaxation (Berger, 1949a). Presumably the skeletal 
muscle relaxation produced by mephenesin is related to its depressant actions 
on the intercalated neurons involved in extrapyramidal and pyramidal in- 
fluences on the motor anterior horn cells. For this reason it is essential to use 
testing procedures that will determine such drug actions, 

Action on the extrapyramidal system. There are many methods available for 
studying the effects of drugs on extrapyramidal influences on the motor anterior 
horn cells. One procedure used frequently is to determine the effects of drugs 
on the influence of various areas of the brainstem that modify spinal cord re- 
flex activity. Electrical stimulation of the ventromedial bulbar reticular 
formation produces inhibition of the patellar reflex (Magoun and Rhines, 1946). 
Stimulation of more lateral and rostral bulbar areas produces facilitation of the 
patellar reflex (Magoun and Rhines, 1947). The influences of both systems are 
mediated primarily over polysynaptic arcs (Lloyd, 1941a; Lettvin, 1948). 
These are shown diagrammatically for the cat in FIGURE 4. Both brainstem 
and spinal crossings are present in facilitatory reticulospinal paths, but only 
spinal crossings exist for inhibition. The reticulospinal pathways are widely 
distributed in the lateral and ventral funiculi of the spinal cord. Facilitatory 
influences pass through the dorsal portions, and inhibitory influences through 
ventral portions of the spinal cord, but there is some overlap (Niemer and 
Magoun, 1947). The bulbar reticular areas are not necessarily purely facilita- 
tory or inhibitory for all motor activity. Frequently reciprocal effects on 
various reflexes can be shown (Gernandt and Thulin, 1955; King ef al., 1955). 
The administration of mephenesinlike agents depresses the effects of bulbo- 
reticular stimulation on the patellar reflex (Henneman ef al., 1949; Kaada, 
1950; Funderburk ef a/., 1953a). Bulboreticular facilitation appears to be 
somewhat more sensitive to depression by mephenesinlike drugs than bulbo- 
reticular inhibition. It is of interest that procaine produces the opposite ef- 
fects, that is, bulboreticular inhibition is more selectively depressed (Peter- 
son, C. G., 1955). Many other extrapyramidal structures are known to modify 
reflex motor activity. These include the anterior and paramedian cerebellar 
cortex and fastigial nucleus; basal ganglia, especially the caudate nucleus; 
and portions of the forebrain, as well as the cerebral cortex (see FIGURE 4). 
The final common pathways for many of the facilitatory and inhibitory in- 
fluences that can be elicited from these areas are presumably mediated in part 
via the brainstem reticular formation (Snider ef al., 1947; Lindsley ed al., 
1949; Hodes ef al., 1951, 1954; Peacock and Hodes, 1951; Lindsley, 1952). 
In any detailed study of the site of action of a test agent, effects on these struc- 
tures should be determined. Important differences between drugs are known 
to exist. For example, atrolactamide is more selective than mephenesin in 
depressing the inhibitory influences from the caudate nucleus (King and Unna, 
1954). 

Actions on the pyramidal system. Very little is known about the effects of 
centrally acting skeletal muscle relaxants on pyramidal tract influences on 
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anterior horn cells. This is surprising in view of the large number of interca- 
lated neurons involved (Lloyd, 1944). Inasmuch as marked species differences 
exist in the percentage of pyramidal tract fibers ending via intercalated neurons 
on anterior horn cells, this subject will be discussed later. 

Actions on brainstem activating system and cerebral cortex. As previously 
mentioned, mephenesinlike compounds differ from other central nervous system 
depressants in their relative lack of effects on the brainstem activating system 
and cerebral cortex. It is becoming more apparent that many central nervous 
system depressants in small doses show some selectivity in depressing inter- 
neurons involved in the flexor and crossed-extensor reflexes (see TABLE 1). 
Barbiturates are obviously not useful skeletal muscle relaxants because doses 
that depress interneurons of the spinal cord cause marked depression of the 
brainstem activating system (French ef al., 1953; Arduini and Arduini, 1954; 
King, 1954, 1956; Domino, 1955) and cerebral cortex (Domino, 1956a, b). 
For these reasons any experimental evaluation of a skeletal muscle relaxant 
must include appropriate electroencephalographic studies of spontaneous and 
elicited cerebral activity. 

As shown diagrammatically in FIGURE 5 the brainstem reticular formation 
and the diffusely projecting thalamic nuclei constitute a second afferent system 
for sensory impulses to reach the cerebral cortex. These polysynaptic neuronal 
systems are involved in wakefulness and sleep (Delafresnaye et al., 1954), and 
therefore they are of considerable importance in understanding differential 
drug effects. Compounds that abolish EEG arousal resulting from electrical 
stimulation of the activating system are of little clinical value as centrally 
acting skeletal muscle relaxants even though they may appear promising on 
the basis of other animal-testing procedures. 


Therapeutic Action Testing Methods 


A rational approach in finding new therapeutic agents for man is to reproduce 
the human disease in animals and then test potential drugs on such prepa- 
rations. Several operative procedures are known that produce in animals 
symptoms of exaggerated postural reflexes that resemble in many respects 
spasticity in man. This does not imply that the same neural mechanisms that 
produce spasticity in animals are necessarily present in human patients. Never- 
theless such testing methods are of some value in predicting the clinical efficacy 
of new drugs. Invariably electromyograms are taken to record skeletal muscle 
tone. Centrally acting muscle relaxants such as mephenesin will reduce the 
exaggerated muscle tone in such experimental preparations. 

Spasticity resulting from temporary spinal cord asphyxia. Localized asphyxia 
of the spinal cord produces hind limb spasticity due to selective internuncial 
neuron damage. The asphyxia is produced by interfering with spinal cord 
circulation by compression of the descending aorta (Tureen, 1936; Kabat and 
Knapp, 1944) or by raising the intradural pressure above arterial pressure 
through a lumbar puncture in the isolated lumbosacral cord (van Harreveld 
and Marmont, 1939; van Harreveld, 1940). An appropriate interval of 
asphyxia differentially injures spinal cord neural elements so that preparations 
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can be obtained in which the anterior horn cells and their muscle afferents 
(stretch reflex) are intact, while certain intercalated neurons are destroyed. 
Animals that have been subjected to such a procedure (cats and monkeys) 
show markedly exaggerated stretch reflexes and clonus that offer a convenient 
means for testing drugs. 

Decerebrate rigidity. Transection of the brainstem at midcollicular levels 
produces a state of exaggerated posture that Sherrington in 1898 called de- 
cerebrate rigidity. Laboratory animals such as guinea pigs, rabbits, cats, 
dogs, and monkeys readily show this phenomenon (Fulton, 1949). Technical 
operative difficulties such as blood loss result in less constant preparations 
that tend to deteriorate and therefore have been thought to make this particular 
method of decerebration less satisfactory for drug studies (Funderburk ef al., 
1953a). Ischemic decerebration produced by ligation of both common carotids 
and the basilar artery (Pollock and Davis, 1930, 1931) has been considered 
more satisfactory in this regard. Overtly both techniques produce a similar 
picture of decerebrate rigidity. Classical Sherringtonian decerebrate rigidity, 
however, is dissolved by section of the dorsal roots, while ischemic decerebrate 
rigidity is unaffected. Despite overt similarities the 2 types of decerebration 
are fundamentally different (Stella, 1944a, b). It is now known that Sherring- 
tonian decerebration is dependent largely upon an intense inflow of excitatory 
impulses from the peripheral skeletal muscle spindle due to activity of the 
central y efferents. On the other hand, ischemic decerebration involves pri- 
marily a-efferent excitation to skeletal muscle cells by-passing the muscle 
spindle mechanism. The cerebellum appears essential in regulating the pro- 
portion of a- or y-efferent excitation (Granit, 1955; Granit ef a/., 1955). Both 
forms of decerebrate rigidity involve transmission over intercalated neurons 
but of different types. In spite of the different neural mechanisms involved 
in producing the exaggerated skeletal muscle tone, both forms of decerebrate 
rigidity are relieved by mephenesinlike drugs. To date, no data are available 
on the differential sensitivity, if any, of the two preparations to mephenesinlike 
compounds. Recently in the rabbit, y-efferent excitation of the muscle spindle 
has been shown to be depressed centrally by small doses (20 mg./kg., intra- 
venously) of mephenesin (Granit and Holmgren, 1955). 

Spasticity in chronic animal preparations. Since the time of Jackson, lesions 
of neural components normally suppressing postural reflexes have been recog- 
nized as producing symptoms of spasticity. Chronic spastic animals can be 
obtained readily by effecting surgical lesions of areas that normally inhibit 
postural reflexes (Magoun and Rhines, 1947). These include lesions of certain 
cerebral cortical areas (Hines, 1936, 1937; Fulton, 1937; Mettler, 1944; Welch 
and Kennard, 1944; Wagley, 1945), the caudate nucleus, bulbar inhibitory 
areas in the brainstem, anterior lobe and paramedian lobules of the cerebellum 
and fastigial nucleus (Schreiner ef al., 1949, and Lindsley et al., 1949). Without 
exception the spasticity of such cat preparations 1s reduced by small amounts 
of mephenesin (Henneman and Scherrer, 1949). The spasticity of monkeys is 
similarly reduced, but no detailed comparative data are available in primates 
correlating the site of the lesion and differential drug efficacy. 
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CLINICAL EVALUATION OF SOME CENTRALLY ACTING 
SKELETAL MuscLeE RELAXANTS 


As a result of our present animal-testing procedures, a number of centrally 
acting skeletal muscle relaxants have been found. Some are listed in TABLE 2. 
Several are or have been evaluated clinically in man with varying results. It 
is important to realize that it is exceedingly difficult to evaluate relief of spastic- 
ity in man. Few if any reliable methods are available to measure spasticity 
objectively. Electromyograms are useful but of limited value. Clinical 
impressions are the usual criteria of effectiveness. Minor relief of spasticity, 
even if real, may be overlooked in the spirit of objectivity. The sedative or 
tranquilizing actions of an agent may produce skeletal muscular relaxation 
secondarily and add difficulties in interpretation. Beneficial or toxic mani- 
festations of placebo therapy are well known, and they complicate further any 
drug evaluation, especially in regard to the psychiatric uses of skeletal muscle 
relaxants (Wolf and Pinsky, 1954). Occasionally clinical reports appear 
claiming that certain pharmacological agents that have minimal muscle relaxant 
effects in some experimental animal preparations produce dramatic relief of 
spasticity in man. Chlorpromazine given intravenously is an example (Bas- 
majian and Szatmari, 1955). 

It is apparent from a casual observation of TABLE 2 that while there is a 
positive correlation between a compound’s clinical effectiveness and its muscle 
relaxant properties in animals, the clinical effectiveness of any specific test 
substance cannot be predicted beforehand. Even in man considerable differ- 
ences in effectiveness are observed. Mephenesin may be strikingly effective 
in some human cases of spasticity and completely ineffective in others. Until 
more is known about the central nervous system we are at a loss to explain 
such effects. There are numerous examples of a poor correlation between 
the effectiveness of a compound as determined by animal-testing procedures 
and clinical efficacy in man. 2-methyl,2-n-amyl-4-hydroxymethyl-1 ,3- 
dioxalane appears more effective than mephenesin on the basis of animal-testing 
procedures, but it is less effective in man. 2-2-diethyl-1,3-propanediol (DEP) 
is quite ineffective in man, yet 2-methyl-2-n-propyl-1 ,3-propanediol (meproba- 
mate) is apparently as useful as oral mephenesin. Of some interest are the 
enthusiastic but preliminary reports of a tranquilizing action of meprobamate 
in man (Borrus, 1955; Selling, 1955). Some of these effects were observed in 
the early animal studies (Berger, 1954). 

_ The benzazole derivatives furnish an interesting contrast in clinical effec- 
tiveness even though animal-testing procedures show similar sites of action. 
2-amino-6-methylbenzothiazole and 2-amino-6-chlorobenzothiazole have been 
found in preliminary chnical trials with oral doses of 1 gm. or less to be relatively 
ineffective in relieving spasticity in man. When hypertonus is relieved, clonus 
appears increased. This latter action is reminiscent of the effects of small 
doses of mephenesin in decerebrate cat preparations (Henneman and Scherrer, 
1949). Further clinical research using larger doses of these benzazoles would 
be informative. Another benzazole 2-amino-5-chlorobenzoxazole appears in 
preliminary trials to be more effective in man (TABLE 2). It is of considerable 
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CirnicaL EFFECTIVENESS OF SOME CENTRALLY ACTING 
SKELETAL MusciE RELAXANTS 


Agent Pharmacological investigators Sig on 3 Clinical investigators 
spasticity * 
Mephenesin Berger & Bradley, 1946 Stephen 
3-(2’-methylphenoxy)| Henneman ef ah 1949 ros 1047 aL 
propane 1,2-diol | Smith, W. K. ef al., 1949 Schlesinger ef al., 1948 
Kaada, 1950 Berger & Schwartz, 
Traverner, 1952 1948 
Effron & Schultz, 1951 
; : Libet & Rubin, 1952 
3-(2’-methoxyphen- Schneider & Earl, 1954 + t| Ginzel & Tschabit- 
oxy) propane 1,2- scher, 1951 
diol 
1-ethoxy-3-isopropoxy | Hine et al., 1949 + T| Smith, R. T., 1953 
2-propanol Davis et al., 1952 
| Goodsell e¢ al., 1954 
2-methyl-2-n-amyl-4- | Berger et al., 1948 0 to + f| Berger, 1955b 
hydroxymethyl-1,3- | Berger, 1949b 
dioxalane 
2 ,2-diisopropyl-4- | Berger et al., 1948 2 48 = 
methanol-1,3-diox- | Dietrich, 1955 
alane 
DEP Lott, 1948 0 to + fT) Denhoff et al., 1951 
2,2-diethyl-1,3-pro- | Berger & Ludwig, 1950 
panediol Slater et al., 1950 
Funderburk & Unna, 1953 
Meprobamate Berger, 1954, 1955a ++ ft Drew, 1955 
2-methyl, 2-n-propyl-| Hendley et al., 1954, 1955 
1,3-propanediol di-| 
carbamate 
Benzimidazole Goodman, 1943 =e t| Goodman, 1955 
| Goodman ef al., 1943 
| Goodman & Hart, 1944 
2-amino-6-methylben- | Domino et al., 1952 O0to-+ ft) Amols, 1955 
zothiazole and 2- | Funderburk etal., 1953a, b Friend, 1955 
amino-6-chloroben- Glaser, 1956 
zothiazole 
Zoxazolamine Funderburk & Woodcock, +-+ to Abrahamsen & Baird, 
2-amino-5-chloroben- 1955 +++ 7; t 1956 
zoxazole Kamijo & Koelle, 1955a, b Amols, 1956 
Marsh, 1955 Gomez et al., 1956 
Smith, R. T. et al., 1956 
1,2,4-Triazine deriva- | Mantegazza et al., 1953 ? — 
tives 
Dihydrobenzo-1-4-thi- | Longo, 1952 ? — 
azine 
1-phenyl-y-(2-pyni- O’Leary et al., 1951 ? — 
dyl)-propyl ketone | Slater ef al., 1951 ; 
4-Aikoxy-8-(1-piperi- | Abreu et al., 1955 ? —= 
dyl)-propiophenones 


* The clinical effectiveness rating for skeletal muscle relaxa 
It is an opinion of this author only an 


of one plus more or less. 


The effectiveness of mephenesin is arbitrarily designated as ++. 


{ Preliminary data. 


t Further clinical trials are indicated. 


tion is empirical and approximate with a variation 
d not necessarily that of the clinical investigators. 
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interest that this compound may be more beneficial in spasticity of spinal 
origin than of cerebral origin (Gomez ef al., 1956). Spasticity of cerebral 
origin may have quite different pathophysiological mechanisms from spasticity 
resulting from spinal cord lesions. 


PERSPECTIVE 


It is obvious that in the last 10 years, using our present animal-testing 
procedures, no centrally acting skeletal muscle relaxants have been found that 
on oral administration produce dramatic relief of spasticity in man. Perhaps 
none will ever be found, irrespective of the animal-testing methods used, but 
there is no reason for pessimism. Until our knowledge of comparative neuro- 
pharmacology is more adequate there are several empirical approaches for 
finding newer therapeutic agents. It is apparent that we should select animals 
with nervous systems similar to those of men. The tractable primates appear 
most suitable. Most initial screening has been in animals that have a normal 
central nervous system. Thus neural phenomena secondary to denervation 
are not present as they are in the diseased central nervous system of human 
patients. Perhaps our initial screening should be conducted directly in chronic 
spastic animal preparations. Even with more satisfactory animal-testing 
procedures, the chemical compounds screened have been selected purely on an 
empirical basis. In order to obtain clues as to compounds to be screened a 
knowledge of the mechanism of action of our present skeletal muscle relaxants 
is essential. The benzazoles, in particular, because of their structural similarity 
to purines and known antagonistic actions in bacteria and viruses (Woolley, 
1944; Tamm, 1956), as well as being substrates in the molecules of vitamin 
By (Bonnett e¢ al., 1955; Hodgkin ef al., 1955) and serotonin (Erspamer, 1954) 
offer important leads. To date there is no evidence to suggest that these 
incidental observations are in any way related to the production of skeletal 
muscle relaxation. 

Since our present animal-testing procedures have given us compounds that 
are mildly clinically effective, we can conclude that our current methods, in 
general, are correct but need to be subjected to a critical review. In order to 
obtain more effective therapeutic agents at least three aspects of the problem 
must be reconsidered. These include: (1) neurobiochemical similarities and 
differences ‘between man and subhuman species used in the pharmacological 
screen, (2) neuroanatomical and neurophysiological similarities and differences 
between man and laboratory animals, and (3) pathophysiological mechanisms 
of spasticity in man and laboratory animals. 

Comparative neurobiochemisiry. An enormous vacuum of knowledge exists 
with regard to the neurobiochemistry of even one animal species. There is 
desperate need for research in this area. Surely there are important biochemi- 
cal differences in the central nervous systems of animals and man. Until such 
data are available, there is little to be gained from speculation. 

Comparative neuroanatomy and neurophysiology. A study of the comparative 
neuroanatomy of vertebrates reveals structural differences at all levels of the 
central nervous system (Arieiis Kappers ef al., 1936). Morphologically both 
pyramidal and extrapyramidal motor systems change considerably as one 
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TABLE 3 


COMPOSITION OF THE PYRAMIDAL TRACT OF SOME 
LABORATORY ANIMALS AND MAN 


| Mum bee Ge Caliber of axons 
Animal axons Gasek, Direct corticospinal component 
1954 Small | Large 
| 
BPMs! 2... S. | 32,300 | All | None None 
Re Pasa a we! 186,000 Almost all | Few Minimal to none 
LO," pact a 285 , 300 Almost all | Few Probably similar to cat 
Monkey. 0.5... 554,000 | Most | Increasing Increasingly important 
Chimpanzee... . 807 ,000 Most ‘ 
(SA oe an 1,200,000 Most I 


ascends the vertebrate scale. For example, there is a marked variation in 
the pyramids, in the size of the pallidum versus the striatum, of the olives, of 
the magnocellular and parvocellular portions of the red nucleus as well as the 
length of the rubrospinal tract. Presumably neurophysiological mechanisms 
vary accordingly. Throughout phylogeny there is progressive encephalization 
of nervous function culminating in man. This is reflected in the extent of 
incapacity resulting from cerebral cortical lesions. The carnivores function 
surprisingly well without much cerebral cortex, as demonstrated by the famous 
Goltz dog. At the same International Medical Congress of 1881 in London 
where Goltz demonstrated his decorticate dog, Ferrier and Yeo (Schafer, 1882) 
showed, on the contrary, that removal of the motor cortex and surrounding 
area in the monkey resulted in a severe contralateral motor disability that 
decreased with time. Similar cortical lesions have been produced in other 
primates, including the chimpanzee and man, that result in even more severe 
motor disability (Fulton, 1949). Man differs considerably from even other 
primates by the importance of his cerebral cortex. 

Perhaps the most obvious development of the motor system of primates is 
the pyramidal tract (Lassek, 1954). Inasmuch as this system may be of 
neurological importance in human spasticity (see below) the changing compo- 
sition of the pyramidal tract will be discussed in detail as an example of the 
type of comparative study needed for other portions of the central nervous 
system involved in motor activity. 

Many investigators have clearly demonstrated that the pyramidal tract 
changes considerably throughout phylogeny. Some of these differences are 
listed in TABLE 3. The number of axons comprising the pyramidal tract 
increases progressively and is largest in man (Lassek, 1954). This is not related 
to the size of the animal, for members within a species have a similar axon 
content. The axons of the pyramidal tract of lower vertebrates such as the 
mouse are very thin. In the cat and the dog, most of the axons are of small 
caliber with a few large axons. In ascending the primate scale, the large 
myelinated fibers of the pyramidal tract become increasingly important, al- 
though the absolute percentage is still small. In the mouse, the pyramidal 
tract terminates primarily on intercalated neurons. Many intercalated neu- 
rons also are present in the pyramidal system of man, but the corticospinal 
component, terminating directly on motor anterior horn cells, is substantial. 
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The degeneration studies of the boutons terminaux by Hoff, 1932, suggest that 
no more than 15 per cent of the pyramidal tract of the cat terminates directly on 
the anterior horn cells. A much smaller figure is suggested by the anatomical 
studies of Szentdgothai-Schimert, 1941. The neurophysiological studies of 
Lloyd, 1941b, and Bernhard and Bohm, 1954, also suggest that most of the 
cat’s pyramidal tract terminates primarily on intercalated neurons. Studies 
on degeneration of the boutons terminaux in the monkey by Hoff, 1932, and 
Hoff and Hoff, 1934, show that about 40 per cent of the pyramidal tract termi- 
nates directly on motor anterior horn cells. Bernhard e¢ al., 1953, in their 
neurophysiological studies stress the functional importance of the direct corti- 
cospinal component in the monkey. In ascending the primate scale, the direct 
corticospinal component of the pyramidal tract appears to increase proportion- 
ately, although there are no systematic studies elaborating the details. There 
is much circumstantial evidence present in the literature, however, to suggest 
its increasing importance in monkey, baboon, chimpanzee, ape, and man 
(Sherrington, 1889; Schafer, 1899a, b; Leyton and Sherrington, 1917; Hoff, 
1932, 1933; Hoff and Hoff, 1934; Levin, 1936; Levin and Bradford, 1938; 
Bernhard and Bohm, 1954). 

Pathophysiological mechanisms of spasticity in man and animals. Much 
evidence based primarily on studies in lower animals supports the hypothesis 
that spasticity as characterized by hyperactive stretch reflexes, clasp-knife 
resistance to passive movements and clonus is due to involvement of extra- 
pyramidal structures (Magoun and Rhines, 1947). Years ago Hughlings 
Jackson suggested at least two mechanisms for spasticity in man: (1) release 
of lower centers from higher neural control, and (2) an influx mechanism “from 
an unopposed one of a pair of amicably antagonistic neural systems.” Most 
of the evidence is in favor of the latter theory. Thus spasticity is usually 
considered the result of diminished inhibitory influences when facilitatory 
motor influences are normal or exaggerated. Experimental spasticity in 
animals (see earlier discussion) can be produced readily as a result of damage 
to motor inhibitory areas of the central nervous system. 

The results of most experimental studies on the pyramidal system agree 
with the concept of spasticity as a syndrome of extrapyramidal involvement. 
Thus, discrete removal of area 4 of the cerebral cortex in monkeys and chim- 
panzees (Fulton and Kennard, 1934) or section of the pyramids (Tower, 1940) 
produces skeletal muscle flaccidity. Few investigators have challenged this 
view. Denny-Brown, 1950, however, refers to unpublished data on the pro- 
duction of spasticity in a monkey with a pure pyramidal lesion. This report, 
as well as others (Meyers ef al., 1954) on the failure to confirm the existence 
of cortical suppressor strips (Garol and Bucy, 1944) have prompted Clark, 
1952, to reject the notion that spasticity is purely an extrapyramidal syndrome, 
as suggested by Magoun and Rhines, 1947. Obviously many more data are 
necessary, especially as regards higher primates, to clarify the role of the py- 
ramidal system. Until such neurophysiological data are available investigators 
interested in centrally acting skeletal muscle relaxants should keep in mind 
the possibility that human pyramidal tract disease might give rise toa spasticity 
that may be mediated in part over direct corticospinal components. Obviously 
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in such a condition, drugs such as mephenesin that depress interneurons 
predominantly should not be expected to be effective. Perhaps the observation 
of Gomez et al., 1956, that human spasticity of spinal origin is more easily 
relieved by zoxazolamine than spasticity of cerebral origin may be explained 
on this basis. 


SUMMARY 


Numerous experimental methods have been utilized for screening chemicals 
in animals in an attempt to find clinically effective, centrally acting, skeletal- 
muscle relaxants. These procedures invariably involve a careful physical 
examination of laboratory animals for evidence of a reversible paralysis of the 
hind extremities, and a study of the effects of the agents on various polysynap- 
tic reflexes. In spite of intensive efforts of many investigators, few if any 
centrally acting muscle relaxants have been found to produce dramatic thera- 
peutic relief of spasticity in man. It is apparent that our present animal 
screening procedures may be inadequate. Various testing methods are dis- 
cussed in the light of present knowledge of the pathophysiology of spasticity 
in man. 
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CONCLUDING REMARKS 


By James E. P. Toman 
Chicago Medical School, Chicago, Ill. 


In concluding the conference on which this monograph is based Chairman 
Bradford N. Craver posed one general question as to whether the participants 
felt that their various tests were truly capable of giving clinical predictive 
information or whether, in some instances, they were not primarily concerned 
with the detailed mechanism of action of a particular drug (worthy though 
such a study might be). 

Joseph V. Brady was challenged more specifically from the floor as to whether 
gross behavioral observations on spontaneous unconditioned activity in mon- 
keys and other animals did not give a simpler and more clinically relevant 
evaluation of tranquilizers. C. H. Hendley, while stressing that “‘sponta- 
neous” behavior is not necessarily unconditioned, further pressed Brady as to 
the convenience and simplicity of his procedures. Joseph Brady met these 
challenges very adequately by stressing the advantages of quantitative meas- 
urement of conditioned affective and motor behavior. His method distin- 
guished between reserpine and barbiturates at low dosage levels and in a way 
that paralleled clinical differences. Although a certain amount of preparatory 
time was necessary to train animals in a suitable repertoire of conditioned 
responses, once they were trained a drug test on a colony might require less 
than an hour, and the same group was available for daily testing. 

José M. R. Delgado stated that it was necessary to obtain precise information 
about drug actions on various parts of the nervous system, not only to aid in 
understanding particular drug mechanisms of action, but also because the 
profile of action has obvious predictive value. He emphasized that a given 
drug might have different actions upon different CNS sites and even upon 
different properties of the responses elicited from a given site. These different 
patterns of action had clinical correlates in various drug groups, and might 
even suggest hitherto neglected useful actions. In response to various ques- 
tions on technique, he replied that he preferred the anterior nuclei for thalamic 
electrode implantation, and also that he recorded all aspects of evoked seizure 
responses, not Just recovery time. 

Vernon G, Vernier answered several questions. (1) As to why he did not 
compare drugs on a molar basis, he replied that it made little difference since, 
for example, scopolamine is 10 times as active by his test as atropine, which 
differs only in lacking one molecule of oxygen. (2) To my query as to why he 
was preoccupied with potency rather than index of safety, he replied that 
toxic dose and other actions were of course taken into account. (3) When 
Robert Lim asked about the use of isolated smooth muscle preparations for 
screening of atropinic actions, Vernier pointed out that this could give valuable 
information only on an unwanted side-effect in Parkinsonism, and that the 
central and peripheral actions were not necessarily parallel. (4) To Richard 
K. Richards, who expressed surprise on hearing that diphenhydramine should 
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rate more poorly than barbiturates, which had no value in Parkinsonism, 
Vernier stated that this comparison applied only to potency, and that bar- 
biturates had a poor margin of safety. When Harold Blumberg asked about 
results with lysivane, Vernier stated that he had not yet tried it. 

Lim again commented on the general relevance of profiles of action to the 
various studies represented. 


Printed in the United States of America 


MONOGRAPHIC PUBLICATIONS 
OF 
THE NEW YORK ACADEMY OF SCIENCES 


(Lyceum or Naturat History, 1817-1876) 


(1) The Annats (octavo series), established in 1823, contain the scientific 
contributions and reports of researches, together with the records of meetings 
of the Academy. The articles which comprise each volume are printed sepa- 
rately, each in its own cover, and are distributed immediately upon publication. 
The price of the separate articles depends upon their length and the number 
of illustrations, and may be ascertained upon application to the Executive 
Director of the Academy. 

Current numbers of the ANNALS are sent free to all Members of the Academy 
desiring them. 

(2) The Spectat Pustications, established in 1939, are issued at irregular 
intervals as cloth-bound volumes. The price of each volume will be advertised 
at time of issue. 

(3) The Memorrs (quarto series), established in 1895, are issued at irregular 
‘intervals. It is intended that each volume shall be devoted to monographs 
relating to some particular department of science. Volume I, Part 1 is devoted 
to Astronomical Memoirs, Volume II to Zoological Memoirs. No more parts 
of the Memoirs have been published to date. The price is one dollar per part. 

(4) The Screntiric Survey oF Porto RIcO AND THE VIRGIN ISLANDS 
(octavo series), established in 1919, gives the detailed reports of the anthro- 
pological, botanical, geological, paleontological, zoological, and meteorological 
surveys of these islands. 

Subscriptions and inquiries concerning current and back numbers of any of 
the publications of the Academy should be addressed to 

; EXECUTIVE DIRECTOR 
The New York Academy of Sciences 
2 East Sixty-third Street 
New York 21, N.Y. 


